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PREFACE 


This book is intended for both practicing engineers and 
students. Its purpose is to put into readily usable form some 
of the more important data on heat transmission and to describe 
some of the common types of heat-transfer equipment and kinds 
of insulation used in industry. As indicated by the title, 
emphasis is placed on practical applications rather than on 
theory. 

The first three chapters deal with the equations required for 
the solution of elementary problems involving heat transfer by 
conduction, radiation, and convection. It is hoped that the 
method of presentation used is one that will be particularly 
attractive to practicing engineers, who are likely to be more 
concerned with methods of solution than with mathematical 
derivations. Thus, in each section the equations are stated 
first, the methods of applying them are then illustrated by the 
solution of numerical problems, and finally the derivation of the 
equations is explained. 

Attention is directed particularly to the charts and tables 
presented in Chaps. IV and V. By means of these charts and 
tables, convection coefficients and values of the pressure drop 
for a number of fluids under various conditions can be quickly 
and easily determined. Although the accuracy of some of the 
equations upon which these charts and tables are based is not 
yet definitely established, it is believed that in every case ‘the 
values given are conservative and may be safely used for design 
purposes. The method of applying these charts and tables is 
illustrated by the solution of numerical problems at the end of 
each chapter. 

The last two chapters are devoted to a description of some of 
the more common types of heat-transfer equipment and kinds 
of insulation used in industry. Equations for calculating the 
thickness of insulation required for several special conditions 
of industrial importance are given at the end of the last chapter. 
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The application of these equations is also illustrated by the 
solution of se\eral numerical problems 
Many of the equations upon which the charts and tables 
given in Chaps IV and V are based are taken from "Heat 
Transmission,' by Mr \\ llliam H McAdams, and indebtedness 
to this author is gladlj acknowledged Most of the calculations 
required for the preparation of these charts and tables were 
made by Messrs A Peter Alyea and Adolph O Lee, and most 
of the illustrations throughout the book were prepared by Mr 
John M Hobbs It is w ith particular pleasure that the \ aluable 
assistance of these men is acknowledged The courtesy of 
numerous manufacturers who supplied photographs and drawings 
is also acknowledged Finally, the assistance and encourage' 
nient offered by Prof M P Cleghom of Iona State College are 
gratefully acknowledged 

H J Stoei EJt 

Ames Iowa 
January 1911 
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INTRODUCTION 

Heat may be transferred by conduction, by convection, and 
by radiation. These three methods may be defined as follows: 

Conduction is the transfer of heat from one particle of matter 
to another, the particles remaining in fixed positions relative to 
each other. 

Convection is the transfer of heat from one part of a fluid to 
another by the mixing of the warmer particles of the fluid with 
the cooler. For example, consider a pan of water placed on a 
hot stove. Heat is transferred through the pan and to the 
particles of water in contact with the pan by conduction. These 
particles, becoming more buoyant as they are heated, rise and mix 
with the main body of the water, thus transferring heat by con- 
vection. Such motion of the fluid, caused entirely by differences 
in density within the fluid, is called natural convection. If the 
motion of the fluid is produced by some mechanical means, 
such as a stirrer, pump, or fan, it is called forced convection. 

Radiation is the transfer of heat from one body to another as 
the result of the bodies’ emitting and absorbing a form of energy 
called radiant energy. All matter possesses the property of both 
emitting and absorbing such energy to a greater or lesser degree, 
the effect on the matter being the same as though heat were 
absorbed from or added to it . 1 Radiant energy travels through 
space at the velocity of light, light being radiant energy of those 
wave lengths to which the human optic nerve is sensitive. Unlike 
heat, radiant energy does not require the presence of any matter 
for its transmission. Thus, the earth receives radiant energy 
from the sun even though separated from it by an almost perfect 
vacuum. 

1 Except in the rare cases where photochemical reactions are involved 

1 
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In practice, heat transfer by more than just one of the three 
methods is usually mvolied For example, consider the heat 
transfer from an ordinary steam “radiator” to the air w a room 
The flow of heat through the metal walls of the radiator and to 
the air in contact with the surface of the radiator takes place 
by conduction As the air surrounding the radiator is heated, 
it rises and carries heat to the rest of the room by convection 
At the same time the radiator emits radiant energy, most of 
which is transmitted through the air to the walls of the room 
The walls absorb part of this radiant energy and com ert it into 
heat and reflect the rest back to the radiator or to other parts 
of the wall The total rate at which the radiator loses heat is 
equal to the rate at which it lose-* heat by comcction plus the 
rote at which it loses heat by radiation, and this total rate is 
necessanly equal to the rate at which heat flows through the 
walls of the radiator by conduction 

Since all three methods of heat transfer arc likely to be m- 
vohed, it is necessary to bo able to calculate the rate of heat 
transfer by each of the three methods in order to design heat- 
transfer equipment It frequently happens, howeier, that 
ei cn though all three methods may be imolied, the rate of heat 
transfer by one of the methods is small and may be neglected 
For example, the effect of radiation may usually be neglected in 
designing shcll-and tube tj pc equipment 
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CONDUCTION 

S 

~ 1. Thermal Conductivity. — The calculation of the rate at 
which heat flows through any material by conduction involves a 
property of the material called the thermal conductivity. This 
property is defined as the rate at which heat flows through the 
material by conduction per unit of cross-sectional area taken 
normal to the direction of heat flow and per unit temperature 
gradient measured in the direction of heat flow. Consider, for 
example, a small element of the material having a cross-sectional 


■End face at temperature ( t-dt) 
'End face at temperature t 


Dire ction of heat flow 
(normal to end faces) 



— Cross sectional area -A 


r-dL-A 

Fia. 1. — Unidirectional conduction of heat. 


area A and thickness dL, as shown in Fig. 1. If the two end 
faces of the element are maintained at the uniform temperatures 
t and (f — dt), and if the sides of the element are surrounded by 
other material at the same temperature so that no heat is lost 
laterally, heat will flow at some rate q from the face at the higher 
temperature to the face at the lower temperature. Since the 
end faces are both at uniform temperatures, the direction of 
heat flow will always be normal to these faces. By definition, 
the thermal conductivity k of the material is equal to the rate of 
heat flow q divided by A (the cross-sectional area normal to the 
direction of heat flow) and divided by —dl/dL (the temperature 
gradient in the direction of heat flow); i.e., 

3 
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k ~ A(-itldL) (1) 

The thermal conductivities of \anous materials differ widely and 
can be determined only experimentally Tables of thermal 
conductivities of various materials are given m the Appendix 
The units of k depend upon the units chosen for each of the 
quantities in the right-hand member of Eq (1) Thus, if the 
rate of heat flow q is measured in 8 t u per hour, if the cross 
sectional area A is measured in square feet, and if the temperature 
gradient dtJdL is measured in degrees Fahrenheit per foot, the 
net units of k arc 

Btu 

fir _ Btu 

rt 7v!L ~ (ft )(hr )(-!?)■ 

11 X ft 


These are the units that arc used throughout the book The ther 
mal conductivities of many engineering materials, particularly 
industrial insulating materials, are 
frequently expressed in the units 
Btu/(hr)(sq ft )(°F /in ) 

■^f<av Howeicr these units arc incon 

J ' cmcnt m calculating the rate of 

U heat transfer by conduction 

g through bodies of any shape other 

■5 fhan flat \alucs of k expressed 

B llllililtP ln such uni(a can be converted to 

£ the units Btu /(ft KhrJ CEJ.hy 

_ dividingJ hcmJii-12 

t 2 lav ft 2 Effect of Temperature and 
Temperature Pressure on Thermal Conduc- 

F10 2 — Variation of thermal con hyity — The thermal COnductiVl 
ductivity with temperature . , , ,, ,, . , 

ties or practically all materials 
depend upon the temperature of the material For some 
materials the thermal conductivity increases as the temperature 
of the material rises for others it decreases This variation is 


approximately linear over a considerable range of temperature 
for most materials Thus, if the thermal conductiv ity is plotted 
against temperature as in Fig 2 a straight line is obtained 
For practical purposes the thermal conductivities of all 
materials are unaffected by changes in pressure At extremely 
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high pressures the thermal conductivities of liquids do increase, 
and at very low absolute pressures the thermal conductivities 
of gases decrease; but these pressures are outside the range 
usually encountered in engineering work. 

3. Steady and Unsteady Conduction of Heat. — The conduction 
of heat through any body is said to be ^tnsteady if the temperature 
at any point in the body varies with time, and it is said to be 
steady if the temperature at every point in the body remains 
constant. Hence, with unsteady conduction the temperature 
gradient dt/dL at each point in the body also varies with time; 
with steady conduction the temperature gradient at each point 
remains constant. For example, when steam is first admitted 
to a pipe covered with insulation, the temperature at the inner 
surface of the insulation rises very rapidly, but the temperature 
at any point near the outer surface is not immediately affected. 
The temperature at each point in the insulation continues to rise 
for some time, and during this period the flow of heat through 
the insulation is unsteady. Finally, however, the temperature 
at each point reaches some value at which it remains constant, 
and /the flow of heat is then steady. 

^A. Fundamental Equation for Conduction. — Equation (1) can 
be written 

« - - tA tl ® 

This equation, known as Fourier’s law, is tire fundamental 
equation for unidirectional heat transfer by conduction. The 
equation applies to fluids as well as to solids, provided that no 
convection currents exist within the fluidsy It is impossible 
to obtain this condition, however, except in very thin layers of 
the fluid, and consequently the rate of heat transfer through 
fluids must ordinarily be calculated by the equations for convec- 
tion given in Chap. III. 

-'Equation (2) must be integrated before it can be used to solve 
practical problems/ If the conduction of heat is unsteady, this 
integration is usually quite difficult, because the temperature 
gradient dl/dL at each point in the body varies with time, and 
therefore the rate of heat flow q also varies with time. For- 
tunately/, many practical problems involve only steady conduc- 
tion. -Tor steady conduction, the rate of heat flow q is constant 
because the temperature gradient dl/dL at each point in the bod}’ 
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remains constant Consequently, for steady conduction the 
integration of Eq (2) requires only (1) that the area A of the 
isothermal surfaces existing within the body bo expressed as a 
function of the distance L to these surfaces and (2) that the 
thermal conductivity l of the body be expressed as a function 
of the temperature t Even this integration is difficult, however, 
unless the area A is some simple function of the distance L 
Integrated forms of Eq (2) for the Bteady conduction of heat 
through several types of bodies frequently encountered in 
practice are given m the next three sections These equations 
all involve the surface temperatures of the bodies In practice 
these temperatures are frequently not known, but instead only 
the temperatures of the media in contact with the surfaces of the 
body are known For example, in the case of insulation on 
piping tho temperature of the air surrounding the pipe is always 
known, but the temperature of the outside surface of the insula 
tion itself is usually not known Surface temperatures can be 
determined by making use of the fact that, for steady conduc- 
tion the rate at which beat is transferred through tho body b> 
conduction is equal to the rate at which heat is transferred from 
the surfaces of the body to tho surrounding media by radiation 
and convection This method of calculation is explained in 
detail in Sec Cl in Chap VII In the present chapter it is 
assumed that the surface temperatures of the bodies are known 
An approximate method of calculating temperature gradients 
and values of q for the unsteady conduction of heat through fiat 
bodies is explained in Sec 10 

'- / b Conduction of Heat through Flat Bodies — If the conduction 
of heat is Bteady, the rate of heat transfer through homogeneous 
flat bodies can bo calculated by the equation 

? - l,) , (3) 

w here q = the rate of heat transfer by conduction, B t u per hr 
ic = the thermal* conductivity of the material* at the aver 
age of temperatures h and tt B t u /(ft )(hr )(°F ) 

A = the cross-sectional area of the body, taken normal to 
the direction of heat flow, sq ft 
ti and tt — the temperatures at the two faces of the body, °F 
L = the thickness of the body, ft 
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Illustrative Problem 1. — Calculate the rate of heat transfer by conduction 
through each square foot of a wall 8 in. thick made of calcined, diatomaceous 
silica insulating bricks if the temperatures at the two faces of the wall are 
1200 and 200°F. 

Solution . — The average of the temperatures at the two faces of the wall 
is 700°F., and the thermal conductivity of calcined, diatomaceous silica 
bricks at this temperature is 0.15 B.t.u. /(ft.) (hr.) (°F.) Hence 


8 = 


0.15 X 1 X (1200 - 200) 


%2 

— 225 B.t.u. per hr. 

/Equation (3) can be obtained from Eq. (2) as follows: Since 
steady conduction is assumed, q is constant; and since the body 
is flat, A is constant. Hence, Eq. (2) can be written 


1 

A 



dL — — f k dt. 


The right-hand member is represented by the shaded area shown 
in Fig. 2. If k is assumed to vary linearly with temperature, 
this area is equal to /c„ v ((i — h), where is the value of k at 
the arithmetic average of ti and h. Therefore, integrating, 



which is Eq. (3). 

6. Conduction of Heat through Cylindrical Bodies. — If the 

conduction of heat is steady, the rate of heat transfer through 
homogeneous bodies whose surfaces are concentric cylinders can 
be calculated by the equation 


k2wl(ti — ( 2 ) 

q ~ 2.3 logio (r 2 /ri)’ 


( 4 ) 


where q = the rate of heat transfer by conduction from the 
inner to the outer surface, B.t.u. per hr. 
k = the thermal conductivity of the material at the aver- 
age of temperatures ti and U, B.t.u. /(ft.) (hr.) (°F.). 
tv = 3.14. 

I = the length of the cylinder, ft. 
ti and h = the temperatures at the inside and outside faces 
respectively, °F. 

ri and r 2 = the radii (or the diameters) of the inside and outside 
faces respectively, ft. or in. 
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If It is greater than U, a negative value is obtained for q, which 
indicates that the direction of heat flow is from the outer to the 
inner surface 

It is interesting to note that since only the ratio of the radii 
appears in Eq (4), the rate of heat transfer by conduction per foot 
of length is independent of the absolute size of the cylinder Thus, 
if the surface temperatures of the insulation arc the same, the 
rate of heat loss per foot of length from a 1-in diameter tube 
cov cred w ith % in of insulation is the same as the rate of heat 
loss from a 6 in diameter tube co\ cred w ith 3 m of the same 
insulation 

It is frequently possible to use Lq (3) in place of Eq (4) 
wit] tout introducing anj serious error Thus if the ratio of 
rj/ri docs not exceed 2, substituting an arithmetic average of 
the inside and outside areas for A in Eq (3) will giv c a result within 
4 per cent of that giv cn by I q (4) 

Illustrative Problem 2 — Calculate tl c rate of heat loss per foot of length 
froma3*in pipe covered with 1 in of 85% Magnesia if the temperature of the 
inside surface of the insulation is 500*1* and the temperature of the outside 
surface is 100°r 

Fxact Solution — The average of the temperatures of the inside and out 
side surfaces of tl e insulation is 300“F an 1 the thermal conductivity of 
85% Magnesia at this temperature is 0 043 B t u /{ft )(hr ){T ) The 
actual outside diameter of a 3-m pipe is 3 500 in and therefore the outside 
diameter of the insulation « 5 50 0 in Hence bj Lq (4) 

0 013 X 2 X 3 14 X 1 X (500 - 100) 

9 ” 2 3 log . (5 500 3 500) 

=> 240 Btu per hr 

Approximate Solution —Since the ratio of rj/Vi is (ess than 2 the rate of 
heat loss can be calculated approximate!} hj Lq (3) 


0 043 X 3 14 X (4 500/12) X 1 X (500 - 100) 

5 Hi 

. *= 243 B t u per hr 

-'Equation (4) can be obtained from Eq (2) as follows The area 
A of any cjhndrical clement taken as shown in Fig 3 is equal 
to 2ir LI Since steady conduction is assumed q is constant and 
Eq (2) can be vv ntten 


jl 

2rlJ ri L 


-f 


k dt 
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As in Sec. 5, if k varies linearly with the temperature, the right- 
hand member is equal to — f 2 ). Hence, integrating, 


X 

2 irl 


logc - h), 


whiplf is Eq. (4). 

Conduction of Heat through Spherical Bodies. — If the con- 
duction of heat is steady, the rate of heat transfer through 

dL 



■ ,~r 

-r] r 2 

n 4 i 

r r r 


Fia. 3. — Cross section of a homogeneous, hollow cylindrical body. 


homogeneous bodies whose surfaces are concentric spheres can be 
calculated by the equation 


? = 


— It) 
r 2 — n 


(5) 


where q = the rate of heat transfer by conduction from the 
inner to the outer surface, B.t.u. per hr. 
k = the thermal conductivity of the material at the aver- 
age of temperatures U and U, B.t.u. /(ft.)(hr.)(°F.). 
tv = 3.14. 

h and h = the temperatures at the inside and outside faces 
respectively, °E. 

ri and r 2 = the radii of the inside and outside faces respectively, 
ft. 

As with Eq. (4), a negative value of q indicates that the direc- 
tion of heat how is from the outer to the inner surface. 

It may be noted that, whereas the rate of steady conduction 
through either flat or cylindrical bodies is zero if the bodies are 
infinitely thick, the rate of steady conduction through spherical 
bodies never becomes less than a certain limiting value, regardless 
of how thick the walls may be. Thus, if r 2 is infinite, Eq. (5) 
reduces to 


q = Ic4irri(ti — f 2 ) 


(5a) 
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Illustrative Problem 3 -—Liquid oxj gen is frequently stored in spherical 
containers because the ratio of outside surface to volume is a minimum for a 
sphere (1) Calculate the rate at which heat leaks into such a container 
5 ft in diameter insulated w ith a 1 ft thick layer of powdered diatomaceous 
silica packed to a density of approximately JO Jb per eu ft , if the inner 
surface of the insulation is at — 290°F and the outer surface is at 50°F 
(2) What minimum rate of beat leak could be obtained by increasing the 
thickness of the insulation? 

Solution — 1 Since the thermal conductivities of all porous insulating 
materials decrease as the temperature of the insulation is lowered, the 
thermal conductivity of powdered diatomaceous silica packed to the given 
density and at an average temperature of — 120T is less than the value 
0 026 B tu /(ft )(hr)(*r ) at 70*F Assuming a value of 0 022 Btu/ 
(ft )(hr )(*F ), 

0 022 X4X314 X25X35X (-290 - 50) 

9 

— —820 Btu per hr , 

the negative sign indicating that the direction of heat flow is into the 
container 

2 If the insulation were made infinitely thick, the rate of heat leak would 
be, byEq (5a), 

9-0 022 X 4 X 3 14 X 25X (-290 - 50) 

— —235 Btu per hr 

Equation (5) can be obtained from Eq (2) in a manner exactly 
analogous to that used in deriving Eq (4) 

8. Conduction of Heat through Bodies of Any Shape — The 
integration of Eq (2) for homogeneous bodies of any shape other 
than those discussed in the three preceding sections is quite 
difficult, and consequently it is usually impossible to calculate 
the exact rate of heat transfer by conduction through such bodies 
A satisfactory approximation cm frequently be obtained, how- 
e\ er, by using an arithmetic avenge of the inside and outside 
areas for A in Eq (3) This procedure gives too high a value 
for the rate of heat transfer, although the error is small if the 
thickness of the body (and consequently the difference between 
the inside and outside areas) is relativ ely small The importance 
of this error is frequently minimized by the presence of other 
inaccuracies Thus, the thermal" conductiv lty of the material' 
may not be accurately known, the body may not be perfectly 
homogeneous, or the temperatures at the two faces may not be 
absolutely uniform 

Illustrative Problem 4 — A cylindrical tank 15 in in diameter and 5 ft 
long is insulated with 3 in of felted rock wool If the inside surface of the 
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insulation is at 640°F. and the outside surface is at 120°F , calculate the 
rate at which heat is lost from the tank 

Approximate Solution — The inside area of the insulation is 22 0 sq ft ; 
the outside area is 35 0 sq ft •, and the average of these t\\ o areas is 28 5 
sq ft The average of the inside and outside surface temperatures is 380°F., 



Fig 4 — Composite wall of a brick kiln in process of construction ( Courtesy 
of the Johns-Manville Co ) 

and the thermal conductivity of rock wool at this temperature is 0 045 
B t u /(ft )(hr )(°F ) Hence, by Eq (3), 

0 045 X 28 5 X (640 - 120) 

9 

= 2670 B t u per hr. 

For the special case of rectangular bodies having relatively 
thick walls, as in small furnaces, an average area to be used in 
Eq. (3) can be calculated by empirical equations given by 
Langmuir. 1 

1 Trans Am Eleclrochem Soc , vol 24, p 53, 1913 
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^ Conduction pi Heat through Several Bodies in Senes — 
N- ^fumncc wall 1 *, 'fne insulation on high temperature piping, and 
many other type? of equipment are frequently constructed of 
!aj era j>f se\ eral different hinds of matenals through w hich 
heat flows m «cnes b> conduction For example, Fig 4 shows a 
bnch kiln w all consisting of an inner laj or of firebnck, a core of 
insulating bnck, and an outer lajer of red brick The firebnck 
is u*-ed to protect the insulating bnck from mechanical abrasion 



Fia 5 — Combination high temperature pipe maulat on (Courier y of On 
Keathtj it Mattuon Co ) 

and from the high temperatures existing within the kiln The 
red bnch is cheaper than the insulating bnch but has a higher 
thermal conducts ltj and cannot be used at the high tempera- 
tures existing at the center of the wall Figure 5 shows a type of 
insulation suitable for covering high-temperature piping It 
consists of an inner layer of high temperature insulation and an \ 
outer layer of 85% Magnesia The 85% Magnesia has^a lower 
thermal conductivity than the high temperature /insulation 
but cannot be used at temperatures above COOT ^/The rate of 




CONDUCTION 


13 


heat transfer by conduction through such composite bodies can 
be calculated as follows: 

If the conduction of heat is steady, the rate of heat transfer 
through two flat bodies in series, as shown in Fig. 6, can be ealeu- 



Fig. 6.- — -Temperature gradient through two flat bodies in series. 


lated by the equation 

q ~ t L a /k a ) + (L b /k b )’ W 

where q = the rate of heat transfer by conduction, B.t.u. per hr. 

k a and k b = the thermal conductivities of materials a and b, 
evaluated at the average temperature of each, 
B.t.u./ (ft.) (hr.) (°F.). 

A = the cross-sectional area of the bodies, taken normal 
to the direction of heat flow, sq. ft. 
ti and <2 = the temperatures at the outside faces of the com- 
posite body, °F. 

L a and L b = the thicknesses of materials a and b, ft. 

This equation may also be written 


- _ (*i - h) 

q R a + Rt’ 


(6a) 


where R a and R b are equal to L a /k a A and L b /k b A, respectively, and 
are called the resistances of the two materials. These two equa- 
tions can be extended to include any number of flat bodies in 
^eries by adding additional L/k terms to the denominator of 
Eq. (6) or resistances R to the denominator of Eq. (6 a).y 
If the conduction of heat is steady, the rate of heat transfer 
through two cylindncal bodies in series, as shown in Fig. 7, can 
be calculated by the equation 
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9 = 


23 


2*l(h - U) 

Ioeio (r a "/r a ‘) , logto ( r b "/r b 

k a ^ h 


( 7 ) 


where q = the rate of heat transfer by conduction from the 
inner to the outer surface, B t u per hr 
k a and k b = the thermal conductivities of materials a and 
6, evaluated at the average temperature of each, 

Btu/(ft)(hr)(°F). 

a- - 3 14 

l = the length of the cylinders, ft 
ti and ft = the temperatures at the inside and outside faces 
of the composite body, °F 

r„' and r a " ■» the radii (or the diameters) of the inside and out- 
side faces of material a, ft or in 
n' and iV' — the radii (or the diameters) of the inside and out- 
side faces of material b, ft or m 
This equation can bo extended to include any number of con 
centric cylindrical bodies in senes 
by adding additional (1/A.) logio 
(r"/r f ) terms to the denominator J 
In applying Eqs (6) or (7), the 
thermal conductivity of each of 
the materials should be e\ aluated 
at the a\ erage temperature of the 
material, and consequently the 
temperatures beta een the vanous 
lajers must be determined 
These temperatures may also be 
mjuirrd for design purposes if 
some of the materials are suitable 
for only a limited range of tem 
perature They can be determined as follows (1) A reasonable 
\ alue for each temperature is first assumed (2) Based on these 
assumed v alues, the thermal conductn lty of each of the materials 
is determined (3) The rate of heat transfer q through the com- 
pos! te body is calculated by Eq (6)or(7) (4) Using this value of 

9, the temperatures at each of the interfaces is calculated by Eq (3) 
or (4) These calculated temperatures wall usually be sufficiently 
accurate for practical purposes, although the procedure may be 



through two cyl ndrical bodies in 
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repeated if greater accuracy is desired. The method of calcula- 
tion is illustrated in the following problems: 


Illustrative Problem 5. — A furnace wall consists of 9 in. of firebrick 
covered with 4 in. of insulating blocks made of diatomaeeous silica, asbestos 
fiber, and a bonding material. Calculate the rate of heat transfer by con- 
duction through each square foot of the wall if the temperature at the inside 
face is 2000°F. and the temperature at the outside face is 200°F. 

Solution . — As a first approximation, assume that the temperature at the 
interface between the two materials is 1600 CI F. Based on this assumption, 
the average temperatures of the firebrick and of the insulation are 1800 and 
900°F., respectively, and the thermal conductivities of the two materials at 
these temperatures are 0.71 and 0.061 B.t.u./(ft.)(hr.)(°F.). By Eq. (6), 
the rate of heat transfer through the composite wall is 


1 = 


1 X (2000 - 200) 


12 X 0.71 T 12 X 0.061 
276 B.t.u. per hr. 


Since this is also the rate of heat transfer through each individual material, 
a more accurate value of the temperature t' at the interface can be calculated 
by Eq. (3). Thus, for the insulation, 


whence 


0.061 X I X - 200) 
276 - 


t' = 1710°F. 


The same result would be obtained by applying Eq. (3) to the firebrick. 
This temperature does not agree very closely with the temperature originally 
assumed, but an appreciably different value of q would not be obtained by 
repeating the calculations, since the thermal conductivities of the two 
materials vary only slightly with the temperature. Thus, a value of 280 
B.t.u. per hr. is obtained if the calculations are repeated. 

Illustrative Problem 6.- — A 2-in. pipe is to be covered with two layers of 
insulation each 1 in. thick. An insulating material made of diatomaeeous 
silica, asbestos, and a bonding material is to be used for the inner layer; and 
85% Magnesia, which is suitable only for temperatures up to 600°F., is to 
be used for the outer layer. Will this covering be satisfactory if the temper- 
ature at the inside face will be 1000°F. and the temperature at the outside 
face will be 120°F.? 

Solution . — As a first approximation, assume that the temperature at the 
interface will be 600°F. Based on this assumption, the average temper- 
atures of the inner and outer layers will be 800 and 360°F., and their thermal 
conductivities at these temperatures will be 0.059 and 0.044 B.t.u./(ft.) 
(hr.)(°F.), respectively. The actual outside diameter of a 2-in. pipe is 2.375 
in. Hence, by Eq. (7), the rate of heat transfer per foot of length will be 
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2 X 3 14 X 1 X (1000 - 120) 


2 3 1 ”'" 

(4 375/2 375) log, 

(6 375/4 375)1 

L 

0 059 1 

0 044 J 

292 I! t U 

per hr 



Since this is alio the rate of heat transfer through the individual layers, the 
temperature t at the interface can be calculated by Eq (4) Thus, using 
the data for the outer layer 

„„ 0 044 X 2 X 3 14 X 1 X (t - 120) 

2 3 log,, (6 37o/4 37o) 

whence 

t' - 520®P 


Although a more accurate \ alue could be obtained by repeating the calcu- 
lations the foregoing value is sufficiently accurate to indicate that the 85% 
Magnesia will not be overhented and that the covering will therefore be 
Satisfactory 

''Equations (G) and (7) in\ ol\ e the assumption that no drop in 
temperature takes place at the boundary between the two 
materials In practice, howeter, the contact between the layers 
is usually not perfect because of the roughness of the surfaces, and 
consequently a drop in temperature does take place As a 
result, the actual rate of heat transfer by conduction is likely to 
be spmcwh&t less than the calculated rate 

-Equation (6) can be obtained as follows Referring to Fig 6, 
the rate of conduction through material a is, by Eq (3), 


or 


Similarly, 


„ Mai.) 

q — zr~ 


At. 


Ak. 


AU 


qLb 

Akt, 


Since steady flow is assumed the rate of heat transfer q is the 
same through both materials Hence, adding the last two 
equations. 



r hich is Eq (6) 

Equation (7) is obtained from Eq (4) in a similar manner An 
equation for calculating the rate of heat transfer by conduction 
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through two spherical bodies in series can be obtained from 
Eq. (5), but this case is of little practical importance. 

10. Unsteady Conduction of Heat through Flat Bodies. — If the 
temperature at each surface of a homogeneous flat body remains 
uniform over the entire surface but changes with time, and if 
the temperatures within the body at some initial time are known, 
the temperatures within the body at any subsequent time can be 



Fio. 8. — Temperature gradient for unsteady conduction through & homogeneous 

flat body. 


closely approximated by the following method developed by E. 
Schmidt: 1 

1. The body is divided into n imaginary laminae of equal 
thicknesses x, as shown in Fig. 8. Any value may be chosen for 
n; the larger the value the greater the accuracy of the method. 

2. The temperatures to, U, U , . . . , t„ at the boundaries of 
these n imaginary laminae are to be determined at successive, 
equal intervals of time 6, the value of 6 being calculated by the 
equation 


•-*(*> (8) 

1 Schmidt, E., “A. Foppls Festschrift,” p. 179, J. Springer, Berlin, 1924. 
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where 0 = the time interval, hr 

x = the thickness of each imaginary lamina, ft 
p = the density of the material, lb per cu ft 
c = the specific heat of the material, B t u /(lb )(°F ) 
k = the thermal conductivity of the material (assumed 
constant), B t u /(ft )(hr )(°F ) 

3 A table is prepared with the headings shown in Table i, 
the vertical columns being the temperatures to, t lf t t , , 


Table 1 — Calculation Form for Unsteady Conduction through 
Flat Bodies 



Temperature* -*F | 


D 

D 

D 

D 

D 
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ten 
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sa 
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a 

a 
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and the horizontal rows being the values of these temperatures 
after the time intervals 6, 29, 30, etc , have elapsed The known 
initial temperatures are entered in the first horizontal rou 
4 Each of the temperatures in the bodj of the table is equal 
to the arithmetic average of the two temperatures indicated 
by the arrows in Table 1 

Cose 1 — If the surface temperatures to and f. at the successive inter- 
vals of time 9, 2$, 3 9 etc , are known, the v crtical columns of to and t. 
can be tiled in immediately and each of the temperatures in the body 
of the table can then be calculated 
Case 2 — If the surfa-e temperatures to and t. of the body are not 
known but the tempers , ‘ures t' and 1' of the media in contact with the 
two surfaces are kn in, the values of t< and t, can be calculated by the 
equations 






, ht'zl' -f Id 
k + ht'x 
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and 


tn 


hi"xt" -f- ktn—l 
k + h t "x 


(9) 


in which all the temperatures are evaluated for the same instant, and 
U and <„ = the surface temperatures of the body, °F. 
fi and t n - 1 = the temperatures within the body at distances x from the 
two surfaces, °F. 

t' and t" = the temperatures of the media in contact with the two 
surfaces, °F. 

h,' and hi" = the “combined coefficients” for convection and radiation 
from the surfaces of the body to the surrounding media 
(see Table 59 in Chap. VII), B.t.u./(sq. ft.)(hr.)(°F.). 
x = the thickness of the imaginary laminae, ft. 
k = the thermal conductivity of the material, B.t.u./(ft.)(hr.) 
(°F.). 


After the temperatures existing at the boundaries of the 
imaginary laminae at successive intervals of time have been 
determined, the rates of heat transfer into or out of the body at 
any instant can be approximated by applying Eq. (3) to the 
outside laminae. The method of calculation is illustrated 
by the following problem: 

Illustrative Problem 7. — An industrial furnace is to be operated 5 days a 
week but is to be shut off and allowed to cool down over the week end. It is 
to be electrically heated and is to operate at a temperature of 1800°F_ 
Hence, the walls, which are to be 9 in. thick, may be constructed either of 
firebrick or of calcined, diatomaceous silica insulating brick. It is esti- 
mated that, in starting up, 2 x /i hr. will be required to raise the temperature 
of the inside surface of the wall from its initial temperature of 80°F., the 
ambient air temperature, to its operating temperature of 1800°F. In 
order to determine which construction will be the more economical (t.e., in 
order to determine for which material the fixed charges plus the operating 
charges will be the smaller), the total heat loss from each square foot of 
surface per 120-hr. week is to be calculated for each material. 

Data. — Evaluating the thermal conductivities of the two materials at an 
assumed average wall temperature of 1000°F., for the firebrick k = 0.67 
B.t.u./(ft.)(hr.)(°F.), c = 0.29 B.t.u./(lb.)(°F.), and p = 125 lb. per cu. ft.; 
and for the insulating brick k = 0.16 B.t.u./(ft.)(hr.)(°F.), c = 0.23 
B.t.u./(lb.)(°F.), and p = 38 lb. per cu. ft. The combined coefficient hi" 
for convection and radiation from the outside surface of the wall to xhe sur- 
rounding air will increase as the temperature of the surface of the wall 
increases, but an average value of 3.0 B.t.u./(sq. ft.)(hr.)(°F.) may be 
assumed. 

Solution. — If the wall is divided into n = four imaginary laminae, 

3 -= 4- 4 = 0.1875 ft. Considering first the firebrick, by Eq. (8), 
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e - (Q 1875 )* X 0 29 X 125 
2X067 

- 0 95 hr 

Assuming that the temperature (« of the inside surface of the wall rises at a 
uniform rate during the first 2 } 4 hr of operation, the values of (o at the end 
of 0.95 and 1 90 br can be determined by interpolation Hence, the top 
horizontal row and the first vertical row of temperatures in Table 2 can be 


Table 2 — Temperature Gradients and Hates or Heat Loss through 
Firebrick Wall 


Elapsed 

time, 

hr 


Temperature, 

• F 



t. 


/. 

i. 

t. 

Btu/(aq ft) (hr) 

0 

SO 

SO 

SO 

SO 

SO 

0 

0 0:. 

734 

80 

80 

80 

80 

2340 

t 00 

I3S3 

407 

80 

80 

so 

3510 

2 85 

1S00 

731 

244 

80 

80 

3810 

3 80 

1800 

1022 

407 

162 

80 

2780 


1800 

1101 

592 

244 

169 

2490 


1800 

1196 

674 

381 

243 

2160 

6 65 

1800 

1237 

789 

459 

2S6 

2010 

7 GO 

1800 

1295 

84 S 

538 

328 

1805 

8 55 

1800 

1324 

917 

5SS 

356 

1700 

9 50 

1S0O 

1359 

956 

637 

3S2 

1 575 

00 

1800 




475 

1185 


filled in immediate!! All the temperalurrs for the first 4 75 hr with the 
exception of the last \alue of I, can then be calculated b\ finding the 
arithmetic average of the tao preceding temperatures indicated in Table I 
The last \ alue of (« can be calculated bj Eq (9) Thus, 

3 0 X 0 1875 X 80 + 0 67 X 244 
*' “ 067 +30 X 0 1875 

” 1C9°F 

All the temperatures in the next homontal r©», with the exception of l«, 
can then be calculated by averaging the preceding temperatures, and (« 
can a gam be vrfrtrcAaVefi by X$') Ywvfi'nig 'fli \be> tea-. , r*Vi Vro/pei 

atures in the rest of the table can be determined 

The rate of heat loss 5 from the interior of the furnace can be calculated 
bj applying Eq (3) to the inside lamina For example, the rate of heat loss 
from each square foot of surface after the elapse of 3 80 hr is 

0 67 X 1 X (1800 - 1022) 

5 “ 0 1875 

= 2780 Btu per hr 
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After the Trail reaches a state of equilibrium and steady conduction is 
established, the rate at which heat is transferred through the wall by con- 
duction is equal to the rate at which heat is lost from the surface of the wall 
to the surrounding air. Thus, for each square foot of surface, 


5 = 


0.67 XIX (1800 - t t ) 


= 3.0 X 1 X (h - 80). 


Hence, tt = 475°F., and q = 1185 B.t.u. per hr. 

The values given in Table 3 for the insulating brick are calculated in 
exactly the same manner. 

If the rates of heat loss q are plotted as ordinates against time as the 
abscissa, the area under the curve obtained is equal to the total heat loss. 


Table 3. — Temperature Gradients and Rates op Heat Loss through 
Insulating Brick Wall 


Elapsed 

time, 

hr. 


Temperature, 

°F. 


Rate of heat loss q, 
B.t.u. /(sq. ft.) (hr.) 

to 

h 


ti 

U 

0 

■n 

80 


80 

80 

0 

0.96 

Kfl 

SO 

80 

80 

80 

570 

1.92 

Wtm 

414 

80 

80 

80 

855 

2.88 

1800 

748 

247 

80 

80 

899 

3.84 

1800 

1024 

414 

164 

80 

663 

4.80 

1800 

1107 

594 

247 

117 

592 

5.76 

1800 

1197 

677 

356 

141 

515 

6.72 

1800 

1239 

777 

409 

152 

479 

7.68 

1800 

1289 

824 

465 


436 

8.64 

1800 

1312 

877 

494 

171 

417 

9.60 

1800 

1339 

903 

524 

177 

393 

CO 

1800 




193 

342 


This is found to be 154,700 B.t.u. per sq. ft. per week for the firebrick and 
43,300 B.t.u. per sq. ft. per week for the insulating brick. 

It is interesting to note that, with the exception of approximately the 
first half hour of operation, the rate of heat loss from the interior of the 
furnace is always greater than the rate eventually reached when steady con- 
duction is established. It may also be noted that, whereas the heat loss 
through the firebrick wall for steady conduction can be reduced by adding 
insulation to the outside surface of the wall, this insulation would have no 
effect whatsoever on the heat loss from the interior of the furnace during the 
first 6.65 hr. of operation. 

Other simplified methods of solving unsteady-flow problems 
have been developed . 1 The advantage of the method given here 

1 Ind. Eng. Chem., vol. 15, p. 1173, 1923. See also Margaret Fishenden 
and 0. A. Saunders, “ Calculation of Heat Transmission,” His Majesty’s 
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is the fact that it is applicable regardless of the manner in which 
the surface temperatures of the body may vary or what the 
initial temperature gradient may be It has the disadv antage of 
being somewhat laborious if either too large a value is chosen 
for n or the temperature gradient after a long period of elapsed 
time is desired 


Stationery Office (London), 1932 or A Scuack, ‘ Industrial Heat Transfer ’ 
translated by II Goldschmidt and E P Partridge, John Wiley A Sons 
Inc , 1933 



CHAPTER II 


RADIATION 

11. Introduction. — Radiant energy is emitted by all matter, 
the rate of emission depending upon the temperature and the 
nature of the matter. Unlike heat energy, radiant energy does 
not require the presence of any matter for its transmission. 
Thus, the earth receives radiant energy from the sun even though 
separated from it by an almost perfect vacuum. On encounter- 
ing any matter, radiant energy may be partly absorbed by the 
matter and converted into heat energy; it may be partly reflected 
by the matter; or it may be transmitted through the matter. 
Consider, for example, a bare steam pipe running through a room. 
The radiation emitted by the pipe is almost all transmitted 
through the air in the room but is either absorbed or reflected 
by the walls. The walls, on the other hand, also emit radiation, 
part of which falls upon the pipe and is parti}' absorbed. The 
net rate at which the pipe loses heat by radiation is equal to 
the rate at which it emits radiation, minus the rate at which it 
absorbs radiation from the surrounding walls. Thus, the net 
rate at which any solid body gains or loses heat by radiation 
depends not only upon the temperature and the nature of its 
own surface but also upon the temperature and the nature 
of the surrounding surfaces. 

Regarding the effect of the nature of the surfaces, it has been 
found experimentally that different surfaces all at the same 
temperature emit radiant energy at different rates but that there 
is a maximum rate that none of them exceeds. It has also 
been found that different surfaces absorb different fractions 
of the radiant energy incident upon them. The hypothetical 
body whose surface would absorb all the radiation incident upon 
it is called a black body. It can be shown that such a body also 
has the important property of emitting radiation at the maximum 
possible rate at each temperature. 

The problem of calculating the net rate of heat transfer by 
radiation between two bodies whose surfaces are at uniform 

23 
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temperatures and are separated by some medium that absorbs 
only a negligible portion of the radiant energy passing through 
it 1 is treated in thi3 chapter A method of solving such problems 
is explained in the next section, and the theory upon which this 
method is based is discussed in the remaining sections of the 
chapter 

12 Calculation of Heat Transfer by Radiation a Emtssmty 
In order to calculate the net rate at which any body gains or 
loses heat by radiation, it is necessary to know the emissiinty of 
its surface This quantity may be defined either 
as the ratio of the rate at w hich the gn cn surface 
emits radiation to the rate at which a black bodj 
/ at the same temperature would emit radiation or 
as the ratio of the rate at which the given surface 
absorbs the radiation incident upon it to the rate 
at which a black body would absorb the same 
radiation, these two ratios being equal * Thus, 
the eitiLssiv ity of a surface maj be thought of as 
N its “efficiency’' so far as its ability to emit or 
N absorb radiation is concerned The emtssn ity of 
most surfaces is not constant but increases with 
increase in temperature \ alues of the emissn ity 
for a number of surfaces are listed in Table It in 
nld'.l , on from Appendix 

& grooved eur- & Effcctue Area — The rate at which any body 
gains or loses heat bj radiation depends also upon 
the shape of its surface Consider for example, a body having a 
plane surface traversed by a groove, as shown in Fig 9 Assuming 
uniform temperature each clement of the surface emits radiation 
at the same rate , but since part of the radiat ion from each element 
of the surface of the groove is intercepted and absorbed by the w alts 
of the groov e, less heat is lost from the body per unit area of the 
groov cd surface than per unit area of the plane surface Hence, 

1 Most gases absorb very little radiant energy although water vapor 
carbon dioxide, sulfur dioxide methane and ammonia are important 
exceptions Charts for calculating the rate of heat transfer by radiation 
between these gases and the surfaces of solids have been prepared by Prof 
II C Hottel See Trons Am Inst Chtm Eng vo\ 19 1927, and Ind 
Eng Chem , vol 19 p 88S 1927 

* This definition, is exact only if the surfaces are ‘ graj as explained in 
Sec 18 
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the effective area of any surface is less than the actual area if the 
surface contains any concave portions. The effective area may 
be assumed equal to the area of the surface that would be 
obtained by filling up all the concave portions of the actual 
surface to make them flush -with the adjacent plane or convex 
portions; and the emissivity of this imaginary surface may be 



Fig. 10. — Radiation coefficient h r , calculated by Eq. (21) and used in Eqs. 

(10) and (11). 

taken as that of the actual surface increased toward unity 
in proportion to the depth and number of indentations. 

c. Equations for Calculating the Net Rate of Heat Transfer by 
Radiation between Two Surfaces. — If two surfaces 1 and 2 are 
each uniform in temperature and are separated by a nonabsorb- 
ing medium (such as dry air), the net rate at which heat is 
transferred by radiation between the two surfaces can be calcu- 
lated by the following equations: 
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Case 1 — II all the radiation from surface I is intercepted by surface 2 
(eg , it surface 1 is completely inclosed by surface 2, or if surface 1 13 
flat and surface 2 extends as far as the plane of surface 1 ), 

3 = Udl! - U)F„ (10) 

where q = the net rate at which heat is transferred from surface I to 
surface 2 by radiation, B t u per hr 
h r = the radiation coefficient of heat transfer, determined from 
Fig 10 or calculated by Eq (21), B t u /(sq ft )(hr )(°F ) 
rli = the effective area of surface I, calculated as explained in the 
preceding paragraph, sq ft 
ti and ti = the temperatures of surfaces 1 and 2, °F 

F, = a factor to allow for the emissivities of the two surfaces, 
determined from Table 4 


Table 4 — Emissivitt Factor F. 

<1 and 1 1 denote the emissivities of surfaces 1 and 2 and are evaluated from 
Table IV in the Appendix 


No 

T>pe of surface 

h. 

1 

Surface 1 the smaller of two concentric cylin- 
ders of radii n and r« and of infinite length 


2 

Surface 1 the smaller of two concentric 
spheres of radu n and r» 

i+GO'OM 

3 

Surface 1 either of two infinite parallel planes 

1 

i+i-i 

e, e t 

4 

Surface / of any shape but small compared to 1 
surface 2 

e t 

5 

Surface 1 of any shape but almost as large as 1 
surface 2 

1 

i+J-i 
«> «* 

6 

Intermediate case between (4) and (5) above 1 

Cl It 


Case 2 — If only part of the radiation from surface 1 is intercepted by 
surface 2 (1 e , surface 2 does not completely inclose surface 1), 


q = A^rfjAj(ti — tt)F A t (If) 

where g, h„ A 1 , tj, and tj have the same meamng 3 as m Eq (10), and 
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ei and e-, = the emissivities of surfaces 1 and 2, evaluated from Table IV 
in the Appendix. 

F a — the fraction of the total radiation from surface 1 which falls 
upon surface 2, determined for several types of surfaces 
from Figs. 11 and 12. 1 



3 4 

n i; Side or Diameter 
al ' Distance between Planes 

Fig. 11. — Radiation between equal squares or disks in parallel planes, directly 
opposed, (if. C. Hollel .) 


This equation is not exact, but the approximation is satisfactory if 
ei and e 2 are 0.8 or higher. 

It should be noted that the value of q calculated by Eq. (10) 
represents the net rate at which surface 1 gains or loses heat 
by radiation but that the value of q calculated by Eq. (11) 
represents only the net rate at which surface 1 gains or loses heat 
by radiation to surface 2 and does not include the heat gained 
or lost by radiation to other surfaces. 

Illustrative Problem 1. — Calculate the rate at which heat is lost by 
radiation from a bare 3-in. nominal diameter wrought-iron pipe at 300°F. 
running through a room whose Walls are at 70°F. 

Sohflion . — Since the pipe is totally inclosed by the walls of the room, 
this problem is included in Case 1. From Fig. 10, h , = 1.9 B.t.u./(sq. 
ft.)(hr.)(°F.); and from Table 4, type 4, F, — ei. From Table IV in the 
Appendix, the emissivity <u of dull, oxidized wrought iron is 0.94. Since 

1 Taken from Radiant Heat Transmission by H. C. Hottel, Meek. Eng., 
vol. 52, p. 699, 1930. 




0 as 10 IS JO IS JO aS 40 5 « 16910 
Dimens on rertio I 

Fia 12 — Radiation between adjacent rectangles in perpendicular planes 
(// C IloUtl) 

the rate at which the oxjgen will be lost by e\ aporation if the temperature 
of the outer Bphcre will be 50T (510T abs ), the temperature of the inner 
sphere will be — 298*1* (162°F abs ), and the heat of vaporisation of liquid 
oxygen is 91 8 B t u per lb 

Solution — This problem is included m Case 1 By Eq (21), 

, . 0 173 X 10 • X (162* - 510*) 

n, ~ (-298 - 60) 

« 0 332 B t u /(sq ft )(hr K°r ) 

The surface area of the inner sphere is 3 14 sq ft , and the factor F, is 
obtained from Table 4, type 2 The emissivities of highly polished brass 
at the temperatures involved in the present problem are not given in Table 
IV in the Appendix However, a conservative result should be obtained if 
a constant value of 0 028 is assumed Hence, by Eq (10), 
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q = 0.332 X 3.14 X (-298 - 50) 
= —5.56 B.t.u. per hr., 


1 


0.028 


+ 



1 

0.028 



the negative sign indicating that the direction of heat flow will be from the 
outer to the inner sphere. Assuming the heat transfer by convection to be 
negligible, the rate at which oxygen will be lost by evaporation is 


= 0.061 lb. per hr. 


Illustrative Problem 3. — Calculate the rate at which heat is lost by 
radiation through a 3-in. square peephole in a furnace wall 6 in. thick, the 
temperature within the furnace being 2200°F. and the surroundings being at 
70°F. 

Solution. — Since all the radiation entering the peephole from within the 
furnace must pass through an imaginary plane surface covering the inside 
end of the peephole, and since all the radiation lost through the peephole 
must pass through an imaginary plane surface covering the outside end, the 
problem is equivalent to one of calculating the rate of heat transfer by 
radiation between two parallel 3-in. squares 6 in. apart, one square being at 
2200°F. and the other at 70°F. This problem is included in Case 2. 

For ti = 2200°F. and h = 70°F., from Fig. 10, h r = 40 B.t.u. /(sq. ft.) 
(hr.)(°F.). Since none of the radiation falling upon either of the squares is 
reflected, these imaginary surfaces are equivalent to black bodies and have 
emissivities equal to unity. Assuming that the walls of the peephole 
reradiate all the radiation falling upon them, from Fig. 11, curve 4, 
Fa = 0.38. Hence, the rate of heat loss due to radiation through the peep- 
hole is, by Eq. (11), 

{ = 40 X 1 X 1 X X (2200 - 70) X 0.38 

= 2020 B.t.u. per hr. 

Illustrative Problem 4. — A muffle-type furnace is 6 ft. wide, 12 ft. deep, 
and 6 ft. high. What fraction of the radiation emitted by the floor of the 
furnace falls (1) upon the side walls and (2) upon the top of the furnace? 
Provided they are well insulated, the side walls will reradiate all the heat 
that they receive after they have reached a state of equilibrium. (3) 
Under these conditions, what fraction of the heat emitted by the floor of the 
furnace will reach the top of the furnace? 

Solution.- — 1. Referring to Fig. 12, for each of the 6- by 12-ft. side walls, 
Y — %2 and Z = Yi'n and therefore Fa = 0.24. For each of the 6- by 
6-ft. side walls, Y = 1 % and Z = %, and therefore Fa = 0.12. Hence, 
the four side walls receive 2 X (0.24 + 0.12) = 0.72 of the radiation 
emitted by the floor. 

2. Referring to Fig. 11, curve 2, Fa' for two 6-ft. squares 6 ft. apart is 
0.20, and Fa” for two 12-ft. squares 6 ft. apart is 0.41. Hence, the fraction 
Fa of the radiation emitted by the floor and received by the top of the 
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length at any given temperature to the maximum possible rate at 
which radiant energy of the same wav e length can be emitted by 
any surface at the same temperature This second definition 
follows from the first, since Idk is equal to the rate dq at which any 
surface emits radiant energy of wavelengths from X to X + d\ 

The absorptivity a of a surface for radiation of any wave length 
is the fraction of the incident radiation of the given wave length 
that the surface absorbs 

IB. Kirchhoffs Law — Consider anj two isolated, parallel 
plane surfaces that are both at the same temperature and that 
transmit none of the radiation incident upon them Let q\ denote 
the maximum possible rate per unit area at which radiation of 
wave length X can be emitted by any surface at the given tem- 
perature and let ei, e* and oi, at denote the emissivitics and 
absorptivitics of the two surfaces for radiation of this wave 
length The rate per unit area at which each surface emits 
radiation of wav e length X is equal to eqx Since the surfaces are 
parallel, all this radiation reaches the other surface, where 
the fraction a is absorbed* and the fraction (1 — a) is reflected 
The reflected radiation all returns to the first surface, and again 
the fraction a is absorbed, and the fraction (1 — a) is reflected 
Thus, part of the radiation emitted by each surface undergoes 
repeated reflections, the fraction a being absorbed and the 
fraction (1 — a) being reflected each time that the radiation falls 
upon either of the surfaces 

Since the two surfaces arc isolated and are at the same tem- 
perature, the net rate at which each loses heat by radiation ls zero 
Hence, the rate eqx at which each surface emtts radiation of 
wave length X is equal to the sum of (1) the rate at which it 
absorbs the radiation of wave length X emitted by the other 
surface plus (2) the rate at which it absorbs the radiation of 
wave length X returned to it by reflection These two equations 
are readily reduced to the 6inglc equation 


Cx _ C* 


Qi at 


( 12 ) 


J The em i33i vi ties and absorptmties of the two surfaces are assumed 
independent of the angles of emission and incidence The assumption that 
the emissivity is independent of the angle of emission is known as Lambert t 
cosine principle 
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This result is known as Kirchhoff’s law and may be stated, “For 
any given wave length and temperature, the ratio of the emis- 
sivity to the absorptivity is a constant for all surfaces.” 

16. Black Body. — A black body is defined as one that absorbs 
all the radiation of all wave lengths falling upon it. From this 
definition it follows that the absorptivity a of a black body is 
unity at all wave lengths and temperatures. No actual surfaces 
are black in this sense, although the imaginary surface covering a 
small opening in an otherwise completely enclosed box is approxi- 
mately so, since all the radiation falling upon it enters the box and 
undergoes successive reflections until completely absorbed. 

17. Equivalence of Emissivity and Absorptivity. — Kirchhoff’s 
law states in effect that any surface emits radiation in proportion 
to its ability to absorb radiation. It follows that a black body, 
which absorbs a maximum fraction of the radiation of all wave 
lengths incident upon it (i.e., all of it), must also emit radiation 
of all wave lengths at the maximum possible rate. Hence, from 
the second definition of emissivity given in Sec. 14, it follows 
that the emissivity e of a black body is unity at all wave lengths. 
Since the emissivity and the absorptivity of a black body are 
equal at all wave lengths and temperatures, it follows from 
Kirchhoff’s law that the emissivity and the absorptivity of any 
surface are equal at the same wave length and temperature. Thus, 
at the same wave length and temperature, for any surface, 

e = a. (13) 

18. Gray Surfaces. — A gray surface is defined as one whose 
emissivity e is the same at all wave lengths and temperatures. 
Hence, the ratio of the rate at which a gray surface emits radia- 
tion of any wave length to the rate at which a black body at the 
same temperature would emit radiation of the given wave length 
is constant for all wave lengths. Therefore, for a gray surface, 

e = (the total rate at which a gray surface emits radiation 

of all wave lengths) -r- (the total rate at which a black .... 
body at the same temperature would emit radiation 
of all wave lengths). 1 

1 Applied to any actual surface, the quantity defined in this way is called 
the total , or hemispherical, emissivity. 
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By Eq (13) the absorptivity a of a gray surface is also the 
same at all wave lengths and temperatures Therefore, for a 
gray surface, 


a *= (the total rate at which a gray surface absorbs the 
radiation of all wave lengths incident upon it) 
— (the total rate at w hich a black body would absorb 
the same radiation) 


(15) 


The definition of emissmty gi\cn in Sec 12a is based on Eqs 
(13), (14) and (15) and is therefore strictly x alid only for gray 
surfaces Is one of the surfaces encountered m engineering work 
is actually "gray,’ but the error introduced by assuming them 
to be such is usually small 

19 Stefan-Boltzmann Equation — The total rate at which a 
black bod} at any temperature emits radiation of all wax e lengths 
is represented by the area under the intensity wax e-length cune 
for a black body (Fig 13) and can be calculated by the Stefan 
Boltzmann equation 

q = 0173 X 10*MT«, (16) 

where q = the total rate at which a black bodj emits radiation 
of all w a\ e lengths B t u per hr 
A = the area of the black body sq ft 
T - the absolute temperature of the black bodj, °F abs 
This equation was first established by Stefan on the basis of 
the experimental work of Dulong and Petit and was subsequently 
deduced by Boltzmann from purely theoretical considerations 

It follows from Eqs (14) and (16) that the total rate at which 
a gray surface at any temperature emits radiation of all wa\e 
lengths is gn cn b} the equation 

? = 0 173 X 10~»e AT* (17) 

where e represents the emissmty of the gray surface 

20 Net Rate of Heat Transfer by Radiation between Two 
Surfaces — If the surfaces are separated b\ some nonabsorbing 
medium the net rate at which any surface 1 loses heat by radia 
tion to some other surface 2 is equal to (1) the rate at which 
surface 1 emits radiation (2) minus the rate at w hich it reabsorbs 
the fraction of this radiation that is reflected back to it by 
surface 2, and (3) minus the rate at which it absorbs the radiation 
emitted by surface 2 
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Case 1. — Consider first the case where all the radiation emitted 
by surface 1 falls upon surface 2. The simplest problem of 
this type is that of a gray surface at the uniform absolute tem- 
perature T i completely inclosed by a black body at the uniform 
absolute temperature Ti. Letting A i denote the area and ei the 
emissivity of the gray surface, by Eq. (17) the rate at which the 
gray surface emits radiation is 0.173 X 10 -8 eiAi7Y. Since all 
this radiation is absorbed by the black body, item (2) in the 
preceding paragraph is zero. The rate at which the gray surface 
absorbs the radiation emitted by the black body can be deter- 
mined as follows: If the gray surface were replaced by a black 
body of the same size as the gray surface but at the temperature 
Ti, such a body would be in equilibrium with its surroundings 
and would therefore emit and absorb radiation at the same rate. 
This rate, by Eq. (16), is equal to 0.173 X 10 -8 AiTY and is the 
rate at which radiation falls upon the gray surface. Since 
absorptivity and emissivity are numerically equal, by Eq. (15) the 
rate at which the gray surface absorbs radiation is 
0.173 X 10- 8 eiAi7V. 

Hence, the net rate q at which the gray surface loses heat by 
radiation is 

q = 0.173 X 10“ 8 eiAi(7V - TV). (18) 

If surface 2 is gray instead of black, part of the radiation 
that reaches it from surface 1 is reflected and returned to surface 
1 . Hence, the net rate at which surface 1 loses heat by radiation 
depends not only upon the emissivities of both surfaces but also 
upon the shapes and relative positions of the two surfaces. 
Assuming that the reflection is diffuse rather than specular, it 
can be shown 1 that the net rate at which the smaller of two con- 
centric cylinders of infinite length loses heat by radiation is 


q = 0.173 X 10- 8 A, 


- + l) 

Lei r 2 \e 2 / 


(TV - TV), (19) 


and the net rate at which the smaller of two concentric spheres 
loses heat by radiation is 

. . ... ... F 1 "1 / m A m A\ 


q = 0.173 X 10- 8 A! 


i + fe) (h ~ 0 


(TV - TV), (20) 


1 Proc. Phys. Soc., vol. 41, p. 569, 1929. 
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where the subscript 1 indicates the smaller of the two cylinders 
or spheres r denotes radius and the other symbols have the 
same meanings as in Eq (18) The term in brackets in these two 
equations is the factor F. listed m Tabic 4 the last four cases 
in this table being special cases of the first two 
The radiation coefficient of heat transfer h gtxcn in Fig 10 
is defined by the equation 

. _ 0 173 X 10-»(7Y - 7V) 

' «i - U) (21) 

rquation (10) is obtained by combining Eq (21) with either 
Tq (19) or Lq (20) and replacing the term in brackets with F, 
Case 2 —Consider next the ease where only part of the radia 
tion emitted by surface 1 falls upon surface 2 Letting / denote 
the fraction of the radiation that is emitted by an element dA of 
surface J and that falls upon surface 2 and remembering that 
Rurface 2 absorbs the fraction Ci of the radiation falling on 
it tl e rate at which surface 2 absorbs radiation from dA is 
0 173 X 10 ®Cic»dd7Y/ The rate at which radiation from 
surface 2 falls upon dA is 0 173 X 10 *cj dATtf since this is the 
rate at which an element of surface 2 placed in the position of 
dA would emit radiation to or absorb radiation from surface 2 
Hence the rate at which dA ab orbs radiation from surface 2 
is 0 173 X 10 ‘cicjd 17Y/ Neglecting the rates at which the 
radiation reflected back to each surface is reabsorbed (per 
missible if Ci and Ci arc both large) the net rate at which heat 
is transferred from d 1 to surface 2 by radiation is 

0 173 X 10 *c,Cjd t(7V - 7V)/ 

and the net rate q at which heat is transferred from the entire 
surface I to surface 2 is 

9 = 0 173 X 10-*c,e, 1«(2Y - T,')F A (22) 

where Fa is the aicragc of the xalucs of / for each element of 
vrtaev? J SquaisoB 1 13 } is ob/Mord by fambming this ^ustjem 
with Fq (21) 
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CONVECTION 


Introduction. — Convection is the transfer of heat from 
one part of a fluid to another by the mixing of the warmer par- 
ticles of the fluid with the cooler. The motion of the fluid may 
be caused either by differences in density within the fluid or 
by some mechanical device, such as a stirrer, pump, or fan. The 
first process is called natural convection; and the second, forced 
convection. 


. t r.'l l lift Temperature of the 

t retaining watt surface 



mIFK i-ii'rt 

mM 


±_ Temperature of the 
main body of the fluid 


Fia. 14- 


Retdining '•Turbulent zone 
watt Stagnant film 
-Temperature gradient through a fluid in contact with a warmer 
retaining wall. 


Consider the case of a fluid in contact with a retaining wall 
whose temperature is higher than that of the fluid, as shown in 
Fig. 14. Although the main body of the fluid is likely to be 
in turbulent motion, the thin film of fluid in contact with the 
retaining wall is relatively stagnant as the result of friction with 
the wall. The thickness of this stagnant film is not clearly 
defined and varies as the degree of turbulence of the adjacent 
fluid varies. Since heat is transferred through this film largely 
by conduction rather than by convection, the entire process by 
which heat is transferred from the retaining wall to the main 

37 
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body of the fluid is rather complicated Calculations are 
simplified, however, by the use of so-called convection coefficients 
which mcludp the combined effect of both conduction and 
convection v 

In this and the following chapter, it is assumed that a state of 
equilibrium has been reached, i e , the temperature gradient 
is assumed to remain constant and not change with time, and 
the rate of heat transfer through the retaining nail is assumed 
equal to the rate at which heat is absorbed or gnen up by the 
fluid in contact with the wall In addition, it is assumed that 
radiation is either negligible or else is taken into account by 
the method given m Chap II In this connection, the rate of 
heat transfer by radiation is usually small compared to the rate of 
heat transfer by con\cction An important exception is that 
of heat transfer by natural convection from any surface to a gas 
when the surface is exposed to other surfaces at higher or lower 
temperatures Tor example, a bare steam pipe may lose more 
heat by radiation to the walls of a room than it loses by natural 
connection to the surrounding air 

jrpl Definition of the Film Coefficient h — The film coefficient 
of convection h is defined as the rate of heat transfer between the 
retaining wall and the fluid per unit area of the retaining wall 
and per degree temperature difference between the surface of 
the wall and the mam body of the fluid From this definition 
it follows that 

g = hA(At,\ (23) 

where q ~ the rate of heat transfer by convection, B t u per hr 
h *= the film coefficient, B t u /(sq ft )(hr )(°F ) 

A = the area of the retaining wall, sq ft 
Ah = the temperature difference betw cen the surface of the 
w all and the mam body of the fluid °F 
The quantity h is also called the individual coefficient or the 
surface coefficient 

23 Factors Affecting the Fifm Coefficient h — There are three 
types of heat transfer by convection (1) heat transfer m which 
the fluid does not change phase (t e , the fluid remains either a 
liquid or a gas throughout the process), (2) heat transfer m which 
a vapor is condensed and (3) heat transfer in which a liquid is 
evaporated The film coefficients for all three types depend 
not only upon the kind of fluid involved and upon the pressiffe 



CONVECTION 


39 


and temperature of the fluid but also upon the type of retaining 
wall surface {e.g., flat surfaces, the inside surface of tubes, or 
the outside surface of tubes) and upon the position of the retain- 
ing wall surface {e.g., horizontal or vertical). In addition, the 
film coefficients for each individual type of convection depend 
upon the following factors: 

1. For the first type in which the fluid undergoes no change 
of phase, the film coefficient depends upon the turbulence of the 
fluid and increases as the turbulence increases. In the case of 
natural convection, the turbulence, and consequently the film 
coefficient, increases as the temperature difference between the 
main body of the fluid and the surface of the retaining wall 
increases. In the case of flow through tubes, regardless of 
whether the motion is the result of natural or forced convection, 
the film coefficient increases as the velocity of the fluid increases. 
Although the type of flow depends also upon the diameter of the 
tube and upon the density and viscosity of the fluid, 1 at low 
velocities the flow is likely to be streamline (also called viscous 
or laminar flow), and at higher velocities it is usually turbulent. 
The transition from streamline to turbulent flow is accompanied 
by a considerable increase in the film coefficient. In the case of 
flow outside tubes, the film coefficient depends also upon the 
direction of flow. For any given velocity, the film coefficient 
is usually higher for flow normal to the tubes than for flow parallel 
to the tubes. 

The film coefficient depends also upon whether the fluid is 
being heated or cooled, because the temperature of the film of 
fluid in contact with the surface of the retaining wall is at a 
higher temperature than the main body of the fluid when the 
fluid is being heated and lower when cooled. The difference in 
the film coefficients for heating and for cooling decreases as the 
turbulence of the fluid increases and in the case of gases is usually 
negligible. 

2. For the second type of convection in which a vapor is con- 
densed, the film coefficient depends upon whether the condensa- 
tion is dropwise or filmvnse. As the names imply, with dropwise 

1 For isothermal flow inside straight tubes, for example, the flow is usually 
streamline if the product DVp/ii [D = inside tube diameter, ft.; V = veloc- 
ity, ft. per sec.; p = density, lb. per cu. ft.; and n = viscosity, lb./(ft.)(sec.)] 
is less than 2,100 and is turbulent, if greater. 
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condensation the condensate collects on the surface of the 
retaining wall in drops, with filmwise condensation, the conden- 
sate forms a continuous film over the entire surface Although 
film coefficients for dropwise condensation are four to eight times 
as high as for filmwise, the latter type is the one more likely to 
occur in practice, since dropwise condensation usually takes 
place only on polished surfaces 

In the case of filmwise condensation, the film of condensate 
adhering to the surface of the retaining wall acts somewhat as 
insulation, and consequently the film coefficient depends upon 
both the thickness and the turbulence of this film For example, 
if condensate is allow ed to dnp on to a horizontal tube from other 
tubes above it, the film of condensate will be thicker, and there- 
fore the film coefficient will be smaller Similarly, since all 
the condensate formed on a vertical surface must flow down the 
surface, the average thickness of the film of condensate tends to 
increase as the height of the surface is increased However, up 
to a certain rate of condensation the flow of condensate down 
the surface is streamline, and for greater rates it is turbulent 
As long as the flow is streamline, the average film coefficient 
decreases as the height of the surface is increased, but if the flow 
is turbulent, both the turbulence and the film coefficient increase 
as the height is increased 

The film coefficient is also affected bj the v clocity of the v apor 
If the vapor strikes the surface of the retaining wall with a 
velocity sufficient to sweep away part of the film of condensate, 
the thickness of the film is reduced and the film coefficient is 
increased 

3 The various factors affecting the film coefficient for the 
third type of convection in which a liquid is evaporated are not 
jet so well established as are the factors affecting the film 
coefficients for the other two types It is known, however, that 
the film coefficient depends largely upon how great a fraction 
of the heating surface is in contact with the liquid rather than 
with the vapor bubbles Since the rate of heat transfer from the 
httiljn/g •auAmb *<s» Mi/t h/qud* vs Tmrthx hirgutt \han • vat a. 

heat transfer to the vapor the film coefficient is increased by 
anything that either reduces the size of the vapor bubbles formed 
on the heating surface or reduces the time required for the 
bubbles to break away The size of the bubbles is partially 
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determined by the tendency of the liquid to wet the heating 
surface. Thus, the film coefficient is higher for a liquid having 
a high tendency to wet the surface than for one having a low 
tendency. The time required for the bubbles to break away 
from the heating surface is greatly affected by the turbulence 
of the liquid. If the motion of the liquid is entirely the result 
of natural convection, both the turbulence and the film coeffi- 
cient increase as the temperature difference between the heating 
surface and the main body of the fluid increases up to a certain 
critical value. As the temperature difference increases beyond 
this critical value, however, the film coefficient decreases very 
rapidly, because the heating surface becomes completely sepa- 
rated from the liquid by a film of vapor. If the liquid is violently 
agitated by some form of mechanical stirrer, the temperature 
difference has very little effect on the film coefficient. Finally, 
the film coefficient is affected by the condition of the heating 
surface and is higher if the surface is rough instead of smooth. 

In addition to the various factors already mentioned, the film 
coefficients for all three types of heat transfer by convection are 
affected by the presence of scale or other deposits on the surface 
of the retaining wall. Such deposits act as insulation and may 
greatly reduce the rate of heat transfer. Allowance for them 
may be made by the method explained in Sec. 26. 

Values of the film coefficient must be determined experi- 
mentally for most cases, because the motion of the fluid and the 
temperature distribution are too complicated to permit these 
coefficients to be predicted from purely theoretical considerations. 
Fortunately, the experimental results obtained with a few fluids 
can be used to predict film coefficients for other fluids by means 
of dimensional analysis (see Secs. 29 and 30). Dimensionless 
equations, suggested by dimensional analysis and representing 
■with reasonable accuracy the results of numerous investigators, 
are available in the technical literature. Based on certain of 
these equations, charts and tables have been prepared which 
can be used to determine film coefficients for various fluids under 
various conditions. These charts and tables, together with the 
dimensionless equations upon which they are based, are given in 
Chap.IV. 

T mfini tinn of the Over-all Coefficient U . — In most indus- 
trial heat-transfer equipment, one fluid receives heat from 
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another fluid, the two fluids being separated by a solid retaining 
wall In designing such equipment, the temperatures at which 
the two fluids are to enter and leave the equipment are usually 
known, but the temperature of the retaining 'nail is not known 
l Consequently, the expected rate of heat transfer cannot be 
calculated directly from the film coefficients, since these are based 
on the temperature difference between the retaining wall and 
the fluids However, the expected rate of heat transfer can be 
readily calculated from the o\ cr-all coefficient U, because this 
coefficient is based on the temperature difference betw een the two 
fluids 

The over-all coefficient U is defined as the fate at which heat 
is transferred from one fluid to another pef unit area of the 
retaining wall and per degree temperature difference between 
the two fluids Trom this definition, it follows that 

q = UA (At), (24) 

where q = the rate of heat transfer by con\ection, B t u per hr 
U “ the over-all coefficient, B t u /(sq ft )(hr )(°F ) 

A =* the area of the retaining wall, sq ft 
At the temperature difference between the mam bodv/>f 
one fluid and the mam body of the other, ®F 
If the temperature difference between the two fluids is not 
constant throughout the equipment, an average value must be 
used for At The correct method of calculating this average 
value is discussed in Sec 27 If the heat transfer surface con- 
sists of tubes, the v alue of the area A to be Used depends upon 
whether the coefficient U is based on the inside or outside area 
of the tubes, as explained in the next section 

25 Relation between the Over-all Coefficient and the Film 
Coefficients — The over-all coefficient U can Pc calculated from 
the film coefficients when these are known fof both sides o f the 
retaining w all 

For flat or slightly curved walls free from scale, 


i. 

U 


(25) 


where U = the over all coefficient, Btu /(sq ft )(hr )(°F ) 

At = the film coefficient for one side of the wall, Btu/ 
v sq ft )(hr )(°F ) 
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h 2 = the film coefficient for the other side of the wall, 
B.t.u./(sq. ft.)(hr.)(°F.). 

L = the thickness of the wall, ft. 

k = the thermal conductivity of the wall, B.t.u./ 
(ft.)(hr.)(°F.). y S 

For tubes, the coefficient U may be based on either the inside 
or the outside area of the tubes. For ordinary thin-walled tubes 
free from scale, the over-all coefficient U may be calculated by 
the following approximate equations: Based on the inside area 
of the tube, 

J_ _ 1 , L 

Ui hi + k + h 2 D 2 (26) 

and based on the outside area of the tube. 


U 2 


■Da I B , _1_ 
A1D1 'A ‘ h 2 ’ 


(27) 


where Z7i and U 2 = the over-all coefficients based on the inside 
and the outside tube areas, respectively, 
B.t.u. /(sq. ft.)(hr.)(°F.). 

hi and A 2 = the film coefficients for the inside and 
outside tube surfaces, respectively, B.t.u./ 
(sq. ft.)(hr.)(°F.). 

D i and D 2 = the inside and outside diameters of the tube, 
respectively, ft. or in. 

L = the thickness of the tube wall, ft. 
k = the thermal conductivity of the tube wall, 
B.t.u./ (ft.) (hr.) (°F.). 

For tubes having unusually heavy walls, the L/k terms in these 
two equations should be replaced by (Di/2&) log e (D«/B i) and 
(DJ%k) log e (D 2 /Di), respectively. 

\^A'ov practical purposes, sufficiently accurate values of the 
over-all coefficient U for both flat walls or thin-walled tubes 
free from scale can frequently be calculated by the following 
approximate equation: 

1 = 1 4- J_, 

U hi hi 


(28) 


where hi and A 2 are the film coefficients for the two sides of the 
wall. This equation can be quickly solved by means of Fig. 15. 





CONVECTION 


45 


in Chap. I the rate of heat transfer by conduction through the 
wall itself is 


kA(AQ 
q = ~ 17 ~ ’ 


where At w is the temperature difference between the two surfaces 
of the wall. By Eq. (24) the rate of heat transfer from one fluid 
to the other is 

q = UA(At), 

where At is the temperature difference between the main body of 
one fluid and the main body of the other. Since it is assumed 
that a state of equilibrium has been reached, the rate of heat 
transfer q is the same in all of these equations. Equation (25) is 
obtained by solving each of the equations for the temperature 
difference term and substituting these expressions into the 
equation 

At = Afi + A + At*. 


Equations (26) and (27) are obtained in a similar manner. 
These equations are based on the simplifying assumption that 
the rate of heat transfer through the tube wall itself can be calcu- 
lated with sufficient accuracy by Eq. (3) in Chap. I. This 
assumption is permissible for ordinary thin-walled tubes, but 
for tubes having heavy walls the rate of heat transfer through 
the tube wall must be calculated by Eq. (4) in Chap. I. 

Equation (28) is approximately equivalent to Eqs. (25), (26), 
and (27) if the retaining wall is thin and is made of some material 
having a high thermal conductivity, because for these conditions 
the L/k terms in these equations become negligible and the 
D 1 /D 2 ratio is approximately unity. 

26. Effect of Scale on the Over-all Coefficient U . — The 
equations for calculating the over-all coefficient U given in the 
preceding section involve the assumption that the surfaces of 
the retaining wall are free from scale. If scale is present on either 
surface, the over-all coefficient U can be calculated by the 


equation 



(29) 


where U, = the over-all coefficient when one surface of the 
retaining wall is covered with scale, B.t.u./(sq. 
ft.)(hr.)(°F.). 
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U c = the over all coefficient when both surfaces of the 
retaining wall are clean, B t u /(sq ft )(hr )(°F ) 
h, — the scale coefficient B t u /(sq ft )(hr )(°F ) which 
is defined as the rate of heat transfer through the 
scale per unit area of scaly surface and per degree 
temperature drop through the scale 
If scale is present on both surfaces, a second \/h, term must 
be added to the equation 

% alues of the 6cale coefficient h, can be calculated if the thermal 
conductivity and the thickness of the Beale are known In 


Steam tr? 



Length of tubes 'l 

Fio 1ft — V sr ation of the temperature d fferenee n a condenser 


practice however it is more satisfactory to determine h, from 
values of the overall coefficient U measured before and after 
the surfaces of the retaining wall have become covered with 
scale A table of values of h, is given in Chap IV 

If a l/h, term is added to the right-hand members of Eqs 
(25) (26) (27) and (28) these equations become equiv alent to 
Eq (29) Equation (29) can be derived in a manner analogous 
to that used in deriving these equations 

// 27 Mean Temperature Difference — In general the tempera- 
ture difference between two fluids flowing through any kind of 
heat-transfer equipment docs not remain constant throughout the 
equipment For example consider a steam condenser in which 
the cooling water makes a single pass through the tubes as shown 
in Fig 16 The temperature difference betw een the steam and 
the cooling water is greatest at the section where the water enters 
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df '• One terminal femoeratere difference . *F 
FlO 17 — Chart for determining the logarithmic mean temperature difference 
from the terminal temperature difference* 


multiplying the loganthmic-mcan temperature difference calcu- 
lated for counterflow by a correction factor F obtained from Fig 
19, also prepared by Bowman, Mueller, and Nagle. The 
nomenclature used in these figures is defined m Table 5 
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If the temperature of one of the fluids remains constant, as 
shown in Fig. 16, Eq. (30) can be derived as follows: Let t, 
c p , and w denote the temperature, specific heat, and weight rate 



Fig. 18cz. — C orrection factor for multipass heat exchangers with one shell pass 
and two, four, or any multiple of tube passes. ( Bowman , Mueller , and Nagle.) 



Fig. 18b. — Correction factor for multipass heat exchangers with one shell 
pass and three, six, or any multiple of tube passes, majority of tube passes in 
counterflow. (Bovmian, Mueller , and Nagle.) 


of flow, respectively, of the fluid whose temperature changes; 
let A' denote the total heat-transfer surface per foot of length 
of the tube bundle; and let l denote the length of the tube bundle. 
If the equipment is perfectly insulated, the rate of heat transfer 
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through a section of the tube bundle of length dl is equal to the 
heat absorbed per hour by the fluid flowing through this section 



Flo lftc —Correction factor for multipass best exchangers with lioo shell 
passes and lour eight or any multiple ol tube passes IBotman Mueller 
and Ragle ) 



Tro 1S4 — Correction factor lor mtilitpsss heat exchangers mlh tires shell 
passes and six twelve or any multiple of tube passes (Botrnuin Mueller 
and A ogle ) 


Hence, 

U(A'dl)(At) = vc r dt = — uCpd(Af)i 
or 

o, t cc F d(At) 

ai ~ UA' (At) ' 
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If the wCp/UA' term remains constant, the following equation is 
obtained on integrating between the limits l = 0, At = At' 
and l = l, At = At": 



The mean temperature difference for the entire tube bundle is 



equal to the mean height of the shaded area in Fig. 16, or 

_ shaded area J(At)dl 

length of shaded area l 

Equation (30) is obtained by inserting the preceding expressions 
for l and dl into this equation and integrating between the limits 
At = At' and At = At". 


T l 
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(7b - U) 


Table 5. — Nomenclature for Figs. 18 and 19 
Inlet temperature of shell-side fluid, °F. 

Outlet temperature of shell-side fluid, °F. 

Inlet temperature of tube-side fluid, °F. 

Outlet temperature of tube-side fluid, °F. 

Dimensionless ratio = (f 2 — — It). 

Dimensionless ratio = (T i — 2b)/(l» — h). 

Correction factor by which the logarithmic-mean temperature 
difference for counterjlow is multiplied to obtain the true mean 
temperature difference. 

Terminal temperature difference for counterflow, °F. 

Terminal temperature difference for counterflow, °F. 



52 APPLIED HEAT TRANSMISSION 

It can be shown in a somewhat similar manner that Eq (30) 
also applies when the temperatures of both fluids vary, provided 
that the equipment is insulated and the quantity wcJUA ' is 
constant for each fluid 

28 Design of Equipment Involving Heat Transfer by Con- 
vection — The amount of heat transfer surface required in any 
equipment in which heat is to be transferred by convection from 
one fluid to another can be calculated by Eq (24) 

q ^ UA(At) (24) 

It is first necessary to determine (1) the rate q at which heat 
is to be transferred from one fluid to the other, (2) the ov er-all 
coefficient of convection U, and (3) the mean temperature 
difference At between the two fluids These three quantities 
can be calculated as follows 

1 If the equipment is to be insulated, the rate of heat transfer 
q can be calculated from the properties of either fluid, since the 
rate at which the warmer fluid will give up heat must equal the 
rate at w hich the cooler fluid w ill absorb heat If the fluid used 
in the calculation does not change phase, the rate of heat transfer 
q can be calculated from the rate of flow , the specific heat, and 
the entering and leav mg temperatures of the fluid If the fluid 
evaporates or condenses the rate of heat transfer q can be 
calculated from the rate of flow and the heat of vaporization of 
the fluid However, any heat given up or absorbed by the fluid 
as the result of its being superheated or subcooled must also be 
included 

It may be noted that the temperatures and the rates of flow 
of the two fluids may not all be chosen arbitrarily, since (a) 
the values must be such that the heat balance is satisfied, and 
(6) at every section of the equipment the temperature of the 
warmer fluid must be higher than the temperature of the cooler 
fluid For example, if neither fluid changes phase and if the 
entering and leaving temperatures of the tw o fluids are specified 
the rate of flow of either of the fluids may be assigned any value 
desired, but the rale ot Don of the other fluid must theo be 
determined from the heat balance 

2 The over-all coefficient U can be calculated from the 
film coefficients for the two fluids and these can be determined 
from the charts and tables given in Chap IV The method of 
using these charts and tables is explained in Sec 32 
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The film coefficients for all types of convection depend upon 
the temperature of the fluid. If the fluid does not change 
phase, the temperature of the fluid changes as the fluid flows 
through the equipment, and consequently the film coefficient 
also changes. A sufficiently accurate average value can usually 
be obtained, however, if the film coefficient is evaluated at the 
average temperature of the fluid, the average temperature being 
taken as the arithmetic average of the temperatures at which the 
fluid enters and leaves the equipment. 

If the heat-transfer surface is to consist of tubes, it may be 
necessary to select tentative values for the size and the number 
of the tubes before the film coefficients can be determined. For 
example, the film coefficient for the fluid flowing through the 
tubes usually depends upon the velocity of the fluid, which 
cannot be calculated until the size and the number of the tubes 
have been selected. If these values are selected in advance, 
only the length of the tubes remains to be calculated after the 
amount of heat-transfer surface required has been determined 
by Eq. (24). If the tube length turns out to be either too long 
or too short for practical purposes, a new value for either the 
size or the number of the tubes must be selected, and the calcula- 
tions repeated. 

Having determined the film coefficients for the two fluids, 
the over-all coefficient U can be calculated by the equations 
given in Sec. 25, or it can be evaluated approximately by Fig. 15. 
Allowance for scale can be made by Eq. (29). 

3. The mean temperature difference between the two fluids 
must be used for At, and this can be calculated as explained in 
Sec. 27. 

Problems illustrating these calculations are given in the next 
chapter. 



CHAPTER IV 

CONVECTION COEFFICIENTS 

29 Introduction — Charts and tables lor determining film 
coefficients for \anous Linds of connection are gin en m this 
chapter Charts and tables for determining on er-all coefficients 
are not gin en, since the«c coefficients can be readily calculated 
from the film coefficients by means of the equations gnen in 
Sec 25 of Chap III 

Experimentally , film coefficients are more difficult to measure 
than over-all coefficients, because the temperature of the retain 
ing wall must be measured in addition to the temperatures of 
the fluids However, this increased experimental difficulty is 
compensated for by the fact that since film coefficients depend 
upon fewer variable^, the results are more easily correlated 
Regarding the correlation of experimental data, the problem 
of correlation can frequently be simplified by means of dimen 
sional analysis Dimensional analysis may not only indicate 
how the number of \ anables can be reduced but may aLo permit 
the results obtained with one or two fluids to be u*ed to predict 
v alues for other fluids The simplification sometimes made pos 
sible is illustrated by the example given in the next section 

30 An Illustration of the Use of Dimensional Analysis —Consider a 
sphere submerged in a liquid and rolling down an incline as shown in Fig 20 
The sphere accelerates until the resistance offered by the liquid exactly 
balances the force F acting on it in the direction of its motion Let 1 denote 
the maximum velocity attained by the sphere 

For any given diameter sphere kind of liquid and liquid temperature 
the maximum velocity 1 corresponding to different values of the force F 
could be determined experimentally b> changing the angle of inclination a 
If the resulting values of F were plotted against F a separate curve would be 
obtained for each combination of diameter kind of liquid and liquid tern 
perature used On the other hand if the results were plotted on the 
coordinates suggested by dimensional analysis all the data would fall upon 
a single curve 

The maximum velocity I evidentlv depends upon the force F the diam 
eter of the sphere D and the densitj p and viscosity p of the liquid, » e 
V-f(F,D,p,p ) 

54 
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This unknown function can be expressed as an exponential series, 
V = aiF“iD I ip 1 'ip 2 i + aiF^D’ipvin’* + ■ • ■ 


(31) 


in which each term is of the form aF' , D x p v /jt l , and a, w, x, y, and z are dimen- 
sionless constants. Each of the terms in the right-hand member of this equation 
must have the same net dimensions as those of the left-hand member. 

In terms of the three fundamental dimensions mass in, length l, and time 0 
the dimensions of the velocity V are 1/6, of the force F are ml /O' 
(mass X acceleration), of the diameter D are l, of the density p are m /P, and 



Net force due 

gravity and buoyancy 

Fig. 20. — Sphere submerged in a liquid and rolling down an incline. 

of the viscosity p are m/lS (force X distance/area X velocity). Hence, 
equating the dimensions of the general term aF w D x p v p‘ to the dimensions of 

(Sr™ - ©'(’.)• -v 

or 

Iff— 2w— t+l — 

This equation will be satisfied if each of the exponents is equal to zero: 

w -f- y + z = 0, 
v) + x — 3y — z — 1 =0, 

— 2wj — z + 1 = 0, 

Solving these three simultaneous equations for x, y, and z in terms of w, 

x = -1, 
y = w - 1, 
z = — 2ie + 1. 

Hence, each term of the series must be of the form 
aF' J ’D*p’ J p ! = aF“H-V"“V" 5 ” +I = a 
and Eq. (31) can be written 

7 = ai fe) S) 1 +a 2 te) ( 5 ) ! ■ 

t. 


DVp 

P 

DVp 

p 


(Fp\ w i ( FpY > , 

- a > (, 7 V + 02 (, 7 V + ’ 




<r* - 


(32) 
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Thus, dimensional analysis indicates that the quantity DVpjn depends 
only upon the quantity F pin*, therefore, if these two quantities are used as 
the coordinates, all the experimental data will fall upon a single curve 
Such a curse, determined by experiments with perhaps two or three 
different diameter spheres and two or three liquids, could be used to predict 
the maximum -velocity V that a sphere of any other diameter submerged m 
any other liquid would attain if it were acted upon by any given force F. 
The quantity Fp/p. 1 would first have to be calculated from the given value of 
F and the values of p and p for the liquid The value of the quantity 
DVp/p corresponding to this value of Fp/p* could then be determined from 
the experimental curve, and, finally, the value of V could be calculated from 
this value of DVp/p. 


Table 6 — Xomevc'.vtobe 

c r Specific heat at constant pressure, B t u /Ob )(®F ) 
l) Inside or outside tube diameter, ft 
d Inside diameter of pipe, in 
d. Diameter of coil, in 

0 Weight velocity, lb./(lir ){sq ft of cross section) 
g Acceleration of gravity, 4 18 x 10* ft per hr 1 
k Film coefficient of convection, B t u /{sq ft )(hr )("F ) 

A, Scale coefficient, II t u /(sq It )(hr )(°F ) 
k Thermal conductivity, B t u /(ft )(hr )(*t ) 

N Length of tube or height of surface, ft 
n Number of tubes directly over each other 
/' Pressure, lb per aq ft aba 
p Pressure, atm abs 

if Gas constant, ft per “F 

r Latent heat of evaporation or condensation, B t u per lb 
T Temperature, °F abs 

t Temperature, T\ 

< / Pdin temperature, °F 

61 Temperature difference, ®F 
V Linear velocity, ft per hr 
e Specific volume, cu ft per lb 
IF Bate of condensation, lb /(sq ft )(hr ) 

IF Bate of flow or rate of condensation, lb per hr per tube 
fi Thermal coefficient of expansion, l/®r 
p Absolute viscosity, lb /(ft )(hr ) 
v Kinematic viscosity, sq ft per hr. 
p Density, lb per cu ft 

<r Surface tension, lb. per ft 

31. Calculation of the Charts and Tables — The method of 
dimensional analysts illustrated m the preceding section can 
also be applied to the phcncyjypnon of con\ cction and has proved 
of great value in correlawiig the experimental data Many 
investigators have expressed their results in the form of diraen- 
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sionless equations suggested by it, and certain of these equations 
have been used to calculate the charts and tables presented in 
this chapter. These equations together with the other data 
upon which the charts and tables are based are given in this 
section. The symbols used are defined in Table 6. 

Case 1. Liquids Heated inside Horizontal or Vertical 
Tubes, Turbulent Flow. — Figure 22 and Tables 8 and 9 are 
based on the following equation recommended by McAdams: 1 

(^r^r <33> 

Each of the physical properties is evaluated at the average tem- 
perature of the liquid. This equation is valid for values of 
DVp/n as low as 2,100, provided the value of c,,p /k is less than 10. 
Otherwise, it is valid only for values of DVp/p greater than 
10,000. For the range of velocities given in Fig. 22, the liquids 
affected by these restrictions are listed in Table 10. 

Although Eq. (33) is recommended only for horizontal tubes, 
the data of Stender 2 indicate that it can also be used to calculate 
conservative values for vertical tubes. 

Case 2. Liquids Cooled inside Horizontal or Vertical 
Tubes, Turbulent Flow. — Figure 23 and Tables 11, 12, and 13 
are based on an equation exactly like Eq. (33) except with the 
exponent of the c p p/k term changed from 0.4 to 0.3. This 
equation was suggested by the work of Dittus and Boelter. 3 

Case 3. Gases Heated or Cooled inside Horizontal or 
Vertical Tubes, Turbulent Flow. — Figure 24 and Tables 
14 and 15 are based on Eq. (33). This equation is valid for gases 
being either heated or cooled, provided the value of G = Vp 
is greater than l,650p°' MS . Values of 

GU = (VpU« = l,G50p 0 - 64S 
are given in Table 16. 

Case 4. Gases at Atmospheric Pressure Heated or 
Cooled inside Horizontal or Vertical Tubes, Turbulent 
Flow. — Figure 25 and Tables 17 and 18 are also based on Eq. 

1 McAdams, W. H., “Heat Transmission," p. 169, McGraw-Hill Book 
Company, Inc., New York, 1933. 

- Ind. Eng. Chcm., vol. 24, p. 1318, 1932. 

3 Univ. Calif. Pub. Eng., vol. 2, p. 443, 1930. 
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(33), the equation being \alid for gases if l p is greater than 
1, 650p 0 *” The gases are assumed to obey the perfect gas law 
Pi = RT 

Case 5 Liquids Hevted on Cooled outside Single Tubes, 
Direction of Flow Normal to Tube — Figure 26 and Tables 
20 and 21 are ba.ed on the following equation 

x “ 03 S 5 ( £ r)" , ( 2 r)' i ' <34) 

each of the physical properties being e\ aluated at the film tem- 
perature // The form of this equation was suggested bj ULa- 
mcr, 1 and the constant 0 3S5 was determined from Reiher’s* 
equation for air 

»_.»(2p)~. (35) 

bj taking Cpp/k for air equal to 0 73 Fquation (34) is recom- 
mended onlj for a alucs of DVp/p greater than 100 \o data for 
liquids arc a\ailable in this range but the data of Davis* on 
water and oil for the range Z) J p/p from 0 1 to 100 agree \ eiy well 
with the data on air for the ^amc range For the range of v alues 
of velocitj, temperature, and diameter given in Fig 26 and 
Tables 20 and 21, D I p/p nhvajs exceeds 100 

Case G Gvses Hevted on Cooled outside Single Tubes 
Direction Of Flow Normal to Tube — Figure 27 and Tablts 
22 and 23 are based on Fq (34) This equation l-> not recoin 
mended for values of Z)1 p/p Ic>» than 100, but for the range of 
values of velocity temperature, and diameter given on the chart 
and in the tables, DJ p/p always exceeds this minimum value 
Case 7 Gvses vt Atmospheric Pressure Heated or 
Cooled outside Single Tubes, Direction of Flow Normal 
to Tube — Figure 28 and Tables 24 and 25 arc based on Eq (34) 
and on the assumption that the gases obej the perfect gas law 
Pv =* RT For the range of v alues of v elocitj , temperature, and 
diameter given on the chart and in the tables the product 
DVp/p always exceeds the minimum permissible value of 100 
Cvse 8 Liquids or Gvses Hevted or Cooled outside 
Tube Bundles, Direction of Flow Normal to Tubes — The 
1 Forsch Gebifte Ing vol 3 p 91 1932 

* If ill Forschtmgsarb vol 269 p 20 19^0 

• Phil Mag vol 47 pp 972 and 10o7 1924 
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data of Pierson, Huge, and Grimison 1 on air indicate that 
approximate values of the film coefficient h for fluids flowing 
normal to banks of tubes can be determined by multiplying the 
value of h for flow normal to single tubes by 1.3 if the tubes are 
staggered and by 1.2 if the tubes are in line. 

The data of Reiher on air flowing normal to five rows of 
staggered tubes also show an increase in the film coefficient for 
tube bundles compared to the value for single tubes. Although 
his data for flow normal to five rows of tubes in line show a 
decrease compared to single tubes, Reiher found that the average 
value of the film coefficient for the entire tube bundle increased 
as the number of rows of tubes was increased. Consequently, 
had he used more than five rows of tubes, he might also have 
found the average coefficient for the entire bundle to be greater 
than for a single tube. 

Case 9. Liquids or Gases Heated or Cooled outside 
Tube Bundles, Direction of Flow Parallel to Tubes. — For 
flow parallel to the outside of tubes, Nusselt 2 recommends that 
film coefficients be determined from the data for flow inside tubes, 
using an equivalent inside diameter equal to four times the 
hydraulic radius. Equation (46) and Figs. (29) and (30) are 
based on this procedure. 

Case 10. Liquids or Gases Heated or Cooled in Annular 
Spaces, Turbulent Flow.— Film coefficients for fluids flowing 
through the annular space of a double-pipe heat exchanger, in 
which heat transfer is taking place between the fluid in the 
inner pipe and the fluid in the annular space, can be determined 
from the data for flow inside tubes, provided an equivalent 
diameter equal to four times the hydraulic radius is used for 
the inside diameter. Equation (47) is based on this procedure. 

Case 11. Liquids Heated outside Single Horizontal 
Tubes, Natural Convection. — Figure 31 and Tables 26 
and 27 are based on the following equation recommended by 
McAdams : 3 




( 36 ) 


1 Trans. A.S.M.E., vol. 59, pp. 5G3, 573, and 583, 1937. 

* Z. Ver. dcul. Ing., vol. 57, p. 199, 1913, and vol. 61, p. 685, 1917. 

3 McAdams, op. cil., p. 249. 
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each of the physical properties being evaluated at the film tem 
perature tj This equation is v alid only for values of 

| ^WWI) Vw\j 

greater than 1,000 This value is exceeded for all the liquids 
listed for the ranges of temperature difference, film temperature, 
and diameter giv cn on the chart and in the tables 
Case 12 Gases Heated outside Single Horizontal 
Tubes, Natural Convection — Figure 32 and Tables 28, 29, 
and 30 are based on Eq (36) and on the assumption that the 
gases obey the perfect gas law Pv = RT For the ranges of 
temperature difference, film temperature, diameter, and pres- 
sure given, none of the gases listed falls below the lower limit 
for which Eq (36) is valid 

Case 13 Liquids Heated inside or outside Vertical 
Tubes or on Vertical Plates Low ^ elocities or Natural 
Convection Only — Figure 33 and Table 31 are based on the 
following equation of Colburn and Hougcn 1 

k - 0 12S (37) 

Each of the physical properties is evaluated at the film tempera- 
ture t/ This equation may lie used cither for natural convec- 
tion or for forced convection, provided the velocities are low 
The equation is based on data for upward flow inside tubes but 
it may also be used to predict conservative values for downward 
flow It may also be used for predicting film coefficients for 
fluids outside tubes since it agrees very well wath the equation 
of Rice 2 for air heated by natural convection outside pipes 
Case 14 Gases He ated inside or outside ^ ertical Tubes 
or on Vertical Plates, Natural Convection — Figure 34 
and Tables 32 and 33 arc also based on Eq (37) and on the 
assumption that the gases obey the perfect-gas law Pv = RT 
Case 15 Liquids Heated or Cooled inside Coils, Turbu 
"lent Flow — F or any given v docity, the flow reside toited tubes 
is considerably more turbulent than that inside straight tubes 
This results in an increase in the value of the film coefficient h, 
‘/ntf Eng Chem vol 22 p 522 1930 
1 Tran) Am Inst Elec Eng , vol 43 p 131 1924 
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the exact amount depending upon the radius of the coil. Richter 1 
found that over-all coefficients for heat transfer from water to 
water inside a helical double-pipe exchanger were about 20 per 
cent larger than over-all coefficients for straight double-pipe 
exchangers. This suggests that approximate values for the film 
coefficient h can be obtained by multiplying the value of h for 
straight tubes by a factor such as 1.2. 

Case 16. Gases Heated oh Cooled inside Coils, Turbu- 
lent Flow. — Based on the work of Jeschke, McAdams 2 suggests 
that values of the film coefficient h for the turbulent flow of gases 
inside coils be obtained by multiplying the value of h for straight 
tubes by the factor 

['+ 3. 5 4(|), 

where d/d e is the ratio of the diameters of the pipe and the coil. 

Case 17. Liquids or Gases Heated or Cooled outside 
Coils, Natural or Forced Convection. — The data of Gibson 3 
on air flowing normal to coils agree very well with Eq. (35). 
This suggests that film coefficients for fluids flowing outside coils 
may be assumed approximately equal to the film coefficients 
for fluids flowing normal to single tubes. 

Case 18. Air Heated on Horizontal Plates, Natural 
Convection. — Heating air by natural convection on large flat 
plates, Griffiths and Davis 4 found that the coefficient h for 
horizontal plates facing upward was about 27 per cent higher 
than for vertical plates; and for horizontal plates facing down- 
ward, about 33 per cent lower. 

Case 19. Petroleum Oils Heated inside Horizontal or 
Vertical Tubes, Streamline Flow. — Figure 35 and Tables 
34 and 35 are based on the following empirical equation sug- 
gested by McAdams: 6 



1 Am. Insl. Chem. Ena., vol. 12, Part II, p. 147, 1919. 

2 McAdams, op. til., p. 179. 

'Phil. Mag., Ser. 6, vol. 47, p. 324, 1924. 

4 Food Investigation Board, Dept. Sci. Ind. Research, Special Itcpl. 9, 
His Majesty’s Stationery Office, London, 1922. 

5 McAdams, op. tit., p. 210. 
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in which the coefficient A is based on the arithmetic mean of the 
terminal temperature differences, and c P and A are o\ aluated at 
the average temperature of the oil after mixing This equation 
is valid onlj if II V,/AA exceeds 30 and if D\ p/p is less than 
2,100 Tor the range of gravities and IJ '/A given in Fig 35, 
the product II 'c,/AA ftlw aj s exceeds 30 The v alues of 1J '/D 
for which DVp/p equals 2 100 are given in Table 3G 

C vsk 20 Petroleum Oils Cooled ixsidf IIorizoxtvl 
or \ erticvL Tubes Strevmiim T low — Ihc data plotted bj 
McAdams' on cooling hjdroearbon oils flowing at low velocities 
in-idc either horizontal or vertical tubes show that approximate 
values of the film coefficient h for cooling can be obtained by 
inultiplj mg the v allies of A for heating calculated by Eq (3$), by 
07 

C\SE 21 COXDFNSVTION OF PURE SvTL RATIO \ VPORS OV 

IIonizovrvL Tubes — Figure 3G and Tables 37, 3S, and 39 arc 
based on theoretical equation of Nuvelt* for filmvvi«c condeusa 
tion of pure saturated vapors on horizontal tubes 



nnd on the equation 

A (At) -*Hr (40) 

The latent heat of condensation r is ev aluated at the temperature 
of the vapor but the other physical properties are evaluated 
at the temperature of the condensate film Equation (39) gives 
conservative values the deviation from test data increasing with 
the rate of condensation 

Cvse 22 Condensvtiox or Pure Saturated \ vfors 
ox \erticvl Tubes or Plates — Figure 37 and Tables 41 and 
42 arc based on the following equation giv cn by Ivirhbndc? 1 for 
film wise condensation of pure vapors on vertical tubes 

»G&) M - ooosi Ct>)" t4 ° 

Each of the physical properties is evaluated at the temperature 
of the condensate film Figure 36 and Tables 37 and 43 are 

1 Me Vdvms op cit p 210 

>2 Ifr detl hg vol 60 pp 541anl5f9 1910 

• Trow Am Inst Clem Fng 'ol 32 p 170 193C 
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based on the theoretical equation of Nusselt for filmwise con- 
densation of pure saturated vapors on vertical surfaces 



and on Eq. (40). The latent heat of condensation is evaluated at 
the temperature of the vapor, and the other physical properties 
are evaluated at the temperature of the condensate film. Equa- 
tions (41) and (42) both yield the same value of the film 
coefficient h when W'/pD is equal to 1,020. Equation (41) is 
recommended if W /pD is greater than 1,020, and Eq. (42) is 
recommended if W’/pD is smaller. The values of WN for which 
W’ /pD is equal to 1,020 are given in Table 40. 

Case 23. Liquids Boiling on Horizontal or Vertical 
Plates. — Figure 38 and Table 44 are based on the equation 
of Jakob 1 for evaporation on flat plates free from scale, occurring 
after the equipment has been in operation for some time: 



where the prime denotes saturated liquid; the double prime, 
saturated vapor; the subscript a, atmospheric pressure; the 
subscript s, saturated water at 212°F.; and w a is equal to 918 ft. 
per hr. and represents the product of the mean frequency of 
formation of bubbles at any point on the heating surface times the 
mean diameter of the vapor bubbles leaving the surface. This 
equation gives quite conservative values of the film coefficient. 

Case 24. Liquids Boiling inside Tubes. — According to 
Jakob, values of the coefficient h for evaporation in tubes are 
about 25 per cent higher than for evaporation on flat plates. 

Case 25. Scale Coefficients. — -McAdams 2 suggests that 
the scale coefficients given be used if specific information is not 
available. 

32. Use of the Charts and Tables. — Values of the film coeffi- 
cient h for various fluids under a number of different conditions 
can be readily determined by means of the charts and tables that 
follow. Table 7 will be found useful as an index to the various 
cases covered. 

1 Tech. Bull. Armour Inst. Tech., vol. 2, no. 1, 1939. 

■ McAdams, op. cit., p. 151. 
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Table 7 — Outline of toe Kinds or Convection for Which Film 
Coefficients Are Given 
a Convection involving no change of phase 
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b Condensation of saturated vapors 


Kind of surface 

Position of surface, 
horizontal or vertical 

Case No 

Page 

Inside tubes 

Vertical 

22 

108 

Outside tubes 

f Horizontal 
\ Vertical 

21 

22 

106 

108 

Flat plates 

Vertical 

22 

108 


c Evaporation of liquids 


Kind of surface 

Position of surface, 
horizontal or vertical 

Case No 

Page 

Inside tubes 

Vertical 

24 

110 

Flat plates 

Either 

23 

1 

110 


d Scale coefficients. Case 25, page 112 


The same method of presentation is used throughout: Values 
of the film coefficient ho at some arbitrarily chosen “base” con- 
dition are given on the charts, and correction factors for chang- 
ing these values to conditions other than the base conditions are 
given in the tables accompanying the charts. For example, 
in Case 1 the film coefficient h for any of the liquids listed, flowing 
at any velocity V and temperature l inside a tube of any inside 
diameter d, can be found from the equation 

h = ho X Ft X Fj, (44) 

where h = the desired film coefficient, B.t.u./(sq. ft.)(hr.)(°F.). 
ho = the film coefficient for the given liquid at the “base” 
conditions and at the velocity V, read from Fig. 22. 
F t = the temperature correction factor corresponding to 
the given temperature t, read from Table 8. 

Fd = the diameter correction factor corresponding to the 
given inside tube diameter d, read from Table 9. 

Many of the charts and tables involve either the temperature 
difference At between the surface of the retaining wall and the 
main body of the fluid or the film temperature if, which is arbi- 
trarily defined as the arithmetic average of the temperature 
of the surface of the retaining wall and the temperature of the 
main body of the fluid. In order to evaluate either of these 
quantities, the temperature of the surface of the retaining wall 
must be known. Sufficiently accurate results can frequently be 
obtained by assuming some value that appears reasonable for 
this temperature. If more accurate results are desired, the 
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c\act temperature of the retaining -w all can be calculated by 
trial and error as follows Neglecting the temperature drop 
through the retaining wall itself and using the nomenclature 
shown on Fig 21, (1) a tentatnc value is assumed for the tem- 
perature ta of the retaining wall (2) Based on this value, the 
values of Alt and t > arc calculated (3) The film coefficients 
hi and hi corresponding to these values are determined from the 



Fio 21 — Temperature gra 1 


Retaining watt 

it through two flu da separated by a retaining wall 


charts and tables (4) Using these \alusc of hi and hi, a more 
accurate \ alttc of f* is calculated by the equation 


- 

hi + h 


This \alue of t w will usually be sufficiently accurate for practical 
purposes Using it taluesofAfi &t 2 and // can again be ealeu 
latcd, and the final \aluc of hi and hi can then be determined 
Equation (45) is based on the simplifying assumption that the 
temperature drop through the retaining wall is negligible and that 
the areas of the tw o surfaces of the wall are approximately equal 
By Eq (23) in Chap III, 

q « hiA{ti -U) = htA(U. - U ) 

Equation (45) is obtained by soil mg the last equation for L 

Illustrative Problem 1 (Shell and tube Heat Exchanger) — Design a 
shell ao' 1 ■; heat exchanger to cool 40 gal of water per minute from 
55 y | fi by means of 60 gal per mm of calcium chloride brine (25 per cent 
solution) initially at 30°F The tubes are to be Jj, in o d with No 16 
BWG walls and are to be made of brass 
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Data. — Specific heat of water = 1.00 B.t.u./(lb.)(°F.); specific heat of the 
brine = 0.68 B.t.u./(lb.)(°F.); density of water = 8.35 lb. per gal.; density 
of the brine = 10.3 lb. per gal. Conversion factor: 1 cu. ft. = 7.48 gal. 

Solution. — The required rate of heat transfer can be calculated from the 
rate of flow, specific heat, and temperature drop of the water. Thus, 

g = (40 X 8.35 X 60) X 1.00 X (55 - 45) 

= 200,000 B.t.u. per hr. 

Since this is the rate at which the brine will absorb heat, the final temper- 
ature of the brine can be calculated by the equation 

200,000 = (60 X 10.3 X 60) X 0.68 X (t - 30), 
or 

l = 38°F. 

Let the brine flow through the tubes and the water flow through the shell. 
The velocity of the brine should be at least 3 ft. per sec. in order to assure 
turbulent flow (see Table 10). This velocity will be obtained if 19 tubes are 
used per pass. Thus, since the internal cross-sectional area of each tube is 
0.302 sq. in., 

60 19 X 0.302 

7.48 X 60 144 X V ' 

or 

V - 3.4 ft. per sec. 

First Design. — Let each liquid make a single pass through the exchanger. 
If the tubes are spaced at the apexes of 1-in. equilateral triangles, the shell 
may be made of 5-in. pipe. Since the internal cross-sectional area of 5-in. 
pipe is 20.0 sq. in. and the external cross-sectional area of each tube is 0.442 
sq. in., the velocity of the water can be calculated by the equation 

40 (20.0 - 19 X 0.442) w 

7.48 X 60 144 X V ' 

or 

V = 1.1 ft. per sec. 

The film coefficient hi for the brine can be determined by Case 1. Thus, 
from Fig. 22, ho — 680 B.t.u./(sq. ft.)(hr.)(°F.); from Table 8, F, = 0.68 
(average temperature of the brine = 34°F.); and from Table 9, F& = 1.10 
(inside tube diameter = 0.620 in.). Hence, 

hi = 680 X 0.68 X 1.10 

= 510 B.t.u./(sq. ft.)(hr.)(°F.). 

The film coefficient ho for the water can be determined by Cases 9 and 2. 
Thus, referring to Fig, 29, x = 1 in., d = 0.75 in., x/d = 1.33, and therefore 
d . = 0.72 in. Then, from Fig. 23, = 290 B.t.u./(sq. ft.)(hr.)(°F.); from 

Table 11, Fi = 0.66 (average temperature of the water = 50°F.); and from 
Table 12, Fd = 1.08 (equivalent inside diameter = 0.72 in.). Hence, 

ho = 290 X 0.66 X 1.08 

= 207 B.t.u. /(sq. ft.)(hr.)(°F.). 
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Tlic mean temperature difference between the steam and the watc* ean 
be determined from Fig 17 for calculated bj Eq (30)] Thus, 

At - 227 - 60 = 167“F , 

At ' =» 227 — 180 = 47®F , and A/i ■ «* 9o°F The mean temperature of 
the water ma\ be taken, therefore, as 227 — 93 *= 132°F 
In order to limit the pressure drop, the aclocita of the xsater in the tubes 
should not exceed 2 5 ft per sec This requirement is satisfied if 2S tubes 
are used per pass Thus, since the cross-«ectional area of each tube is 
0 334 sq in, 

4 000 _ 2S X 0 334 w , r 

7 4S X 3 600 ” 144 X ’* 

1 - 2 3 ft per sec 

In order to limit the length of the tubes, let the heater be tw o pass 
The film coefficient Ai for the water can be determined bj Cose I From 
Fig 22, A, - 610 B t u /(-q ft )(hr )(*F ), from Table 8 

- 1 14 (at 132T), 

and from Table 9 F t *■ 1 09 (inside tube diameter — 0 6o2 in ) Hence, 

A. - 610 X 1 14 X 1 09 

= 7G0 Btu f-q ft ) (hr )(°F ) 

The film eoefFcient A , for the steam can lie determined b\ Ca«e 21 Since 
this coefficient depends upon the tube-uall temperature t„ a trial and-error 
solution is neceasarc 

As a first trial assume I. — 200°F The inside tulie surface Ai corre- 
sponding to this \ aluc of t. can be calculated from the film coefficient A , b\ 
Lq (23) 

4 000 000 *= 760 X A, X (200 - 132), 

Ai =■ 77 5 eq ft 
The corresponding outside tube surface is 

and the rate of condensation of the «tcam 

H - \™ - « lb /<«1 K)0>r) 

Then hvm Tig 3b = 1530 'Sit u /(«q Si Vrum Tiftfa: T< 

Ft = 1 47 (at f» = 200°F ), from Table 3S Ft *= 1 10, and from Table 39 
F m = 0 55 (assuming n = 6) Hence, 

A, = 1450 X 1 47 X 1 10 X 0 55 
= 1290 B t u /(sq ft ){hr )(°F) 
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The tube wall temperature can now be calculated by Eq. (45) : 

760 X 132 + 1290 X 227 
= 760 + 1290 

= 192°F. 

Since this does not agree with the value initially assumed, the calculations 
must be repeated. 

As a second trial, assume f ... = 192°F. By Eq. (23), 

4,000,000 = 760 X A, X (192 - 132), 
or 

A i = 87.7 sq. ft. 

The corresponding outside surface A 5 = 87.7 X (0.750/0.652) = 101 sq. ft., 
and the rate of condensation 

TT = T7ir = 41 lb -/( s< b ft-) (hr.). 


From Fig. 36, h 0 = 1500 B.t.u./(sq. ft.)(lir.)(°F.); and from Table 37, 


Hence, 


and by Eq. (45), 


F, = 1.43 (at /„ = 192°F.). 

A. = 1500 X 1.43 X 1.10 X 0.55 
« 1300 B.t.u./(sq. ft.)(hr.)(°F.), 


_ 760 X 132 + 1300 X 227 
760 + 1300 

= 192°F. 


Since this agrees with the value initially assumed, the preceding calculations 
are correct, and the outside tube surface required is 101 sq. ft. Since 
5.093 lin. ft. of %-m. tubing have 1 sq. ft. of outside surface, the total length 
of tubing required is 5.093 X 101 = 513 ft., and the length of each tube 
must be = 9.2 ft. (Note that in the foregoing solution the tempera- 

ture drop through the tube wall has been neglected.) 

Illustrative Problem 3 (Oil Heater). — Design a shell-and-tube type 
heater to heat 800 gal. per hr. of fuel oil having a gravity of 30° A.P.I. and a 
viscosity of 150 Savbolt Universal seconds at 100°F. from 50 to 200°F. by 
means of steam at 10 lb. per sq. in. gauge pressure (temperature = 242°F.). 
The tubes are to be % in- o.d. with No. 16 B.W.G. walls, and the oil is to 
flow through the tubes. 

Data . — Mean specific heat of the oil = 0.47 B.t.u./(Ib.)(°F.), and density 
of the oil = 7.30 lb. per gal._ 

Solution . — The required rate of heat transfer can be calculated from the 
rate of flow, specific heat, and temperature rise of the oil. Thus, 

q = (800 X 7.30) X 0.47 X (200 - 50) 

= 410,000 B.t.u. per hr. 
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The length of the heater will depend upon the number of tubes used 
Tentatively, let the heater consist of 90 tubes inclosed m a 12 -m shell, and 
let the oil make two passes through the tubes 
Since the flow of the oil will be streamline (sec Table 36), the film coeffi- 
cient hi for the oil can be determined by Case 19 Since the value of A» 
depends upon the length of the tubes, a trial and-error solution is necessary 
As a first trial, assume that the tubes will be 10 ft long Then, remembering 
that the oil mil make two passes through the tubes, 

(800 X7 30) 

11' ■ ^ = 130 lb per hr per tube, 

N = 2 X 10 “ 20 ft , II '/N = = 6 5 lb /(hr )(tube)(ft ), and from 

Tig 35 Aa - 12 0 I)tu/(sq rt){hr)(’F) From Table 34, F, - 1 00, 
and from Table 35, Ft — 1 62 (inside tube diameter ■=■ 0 620 in ) Hence, 

hi - 12 0 X 1 00 X 1 62 

- 195Btu/(sq ft ) (hr )(*F ) 

The film coefficient hj for the condensing steam can be determined by Case 
21 However, since it will be quite large compared with A , A, will have very 
little effect on the over all coefficient U |i e the 1/A, term in Eq (27) will 
bo almost negligible], so its csact value need not be determined Instead, 
assume A, = 3000 Btu /(sq ft )(lir )(T ) 

The over all coefficient U, based on the outside tube surface, can be 
calculated by Fq (27) Neglecting the L/k term, 

1 0 750 1 

V “ 19 5 X 0 620 3000' 

or 

V - 16 1 B t u /(sq ft )(hr )(°F ) 

Since the film coefficient A, for the oil is based on the arithmetic mean of 
the terminal temperature differences the mean temperature difference 
between the oil and the steam mav be calculated as follow s 

At = 242 - 50 = 192T , 

At = 242 - 200 = 42°r nnd Af M „ = (192 + 42) 2 = U7T 
The outside tube surface required can now be calculated bj ”q (24) 

410 000 = 16 1 X A X 117, 

A ■= 218 sq ft 

Since 5 093 Jin ft of 1 * 3 4 10 tubing is required per square foot of outside 
surface the total length of tubing required is 5 093 X 218 = 1 110 ft , and 
the length of each tube must be 1,110/90 = 12 3 ft Although this value 
does not agree with the value assumed in determining A, it is not necessary 
to repeat the calculations because changing the tube length from 10 to 
12 3 ft would have an almost negligible effect on A, (see Fig 35) Since the 
tubes are of a reasonable length, this design would be satisfactory 
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Illustrative Problem 4 (Double-pipe Heat Exchanger). — A double-pipe 
heat exchanger is to be used to cool 10 gal. of water per minute from 55 to 
45°F. by means of 10 gal. per min. of calcium chloride brine (25 per cent 
solution) initially at 10°F. How long must the exchanger be if it is made of 
1M- and 2JA-in. wrought-iron pipe? 

Data. — Specific heat of water = 1.00 B.t.u./(lb.)(°F.); specific heat of 
the brine = 0.6S B.t.u./(lb.)(°F.); density of water = 8.35 lb. per gal.; 
density of the brine = 10.3 lb. per gal. Conversion factor: 

1 cu. ft. = 7.4S gal. 

Solution. — The required rate of heat transfer can be calculated from the 
rate of flow, specific heat, and temperature drop of the water: 

g = (10 X $.35 X GO) X 1.00 X (55 - 45) 

= 50,000 B.t.u. per hr. 

Since this is the rate at which the brine will absorb heat, the final tempera- 
ture of the brine can be calculated by the equation 

50,000 = (10 X 10.3 X 60) X 0.6S X (t - 10), 
or 

t = 22°F. 

Let the brine flow through the inner pipe, and the water through the 
annular space. The velocity of the brine can be calculated by the equation 
(internal cross-sectional area of a lH-in. pipe = 1.495 sq. in.) 

10 _ 1-495 

7.4S X GO 144 ’ 

or 

V = 2.2 ft. per sec. 

Similarly, the velocity of the water can be calculated by the equation 
(internal cross-sectional area of a 2JA-in. pipe = 4.788 sq. in.; external 
cross-sectional area of a 1 J- 4 -in. pipe = 2.164 sq. in.) 

10 (4.7SS - 2.164) v , „ 

7.48 X GO 144 X ’ 

or 

V = 1.2 ft. per sec. 

The film coefficient hi for the brine can be determined by Case 1. Thus, 
from Fig. 22, /i 0 = 470 B.t.u. /(sq. ft.)(hr.)(°F.); from Table 8, 

Ft = 0.60 (average brine temperature = 16°F.); 
and from Table 9, Fd = 0.94 (inside pipe diameter = 1.38 in.). Hence, 

hi = 470 X 0.60 X 0.94 

= 265 B.t.u./(sq. ft.)(hr.)(°F.). 

The film coefficient hi for the water can be determined by Cases 10 and 2. 
Thus, by Eq. (47) (inside diameter of a 2JX-in. pipe = 2.469 in.; outside 
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diameter of a 1 in pipe — 1 GCO in ), 

j _ (24G9)* - (16G0) 1 
* “ 1 660 
= 202m 

From Fig 23, h t = 310 Btu /(sq ft )(hr )(°F ), from Table 11, 

Fi = 0 66 (average water temperature *=» 50°F ), 
and from Table 12,/* = 0 87 (for d, = 2 02 in ) lienee, 
ht =310 X 0 66 X 0 87 

= 178 Btu /(sq ft )(hr )(*F ) 

The over all coefficient V based on the outside surface of the inner pipe 
can be calculated bj Eq (27) Since the pipe wall is 0 140 in thick, and 
since the thermal conductivity of wrought iron is about 35 B t u /(ft )(hr ) 
(*F), 

1 _ 1660 0140 1 

U *" 265 X 1 380 12 X 3o 178* 

or 

U = 95Btu/(sq ft )(hr )(*F ) 

/or counterflow, the terminal temperature differences are 
At' = 45 - 10 = 35*F 

and M" — 65 — 22 = 33°F , so the mean temperature difference - 34*F 
The pipe surface required can now be calculated bj F q (24) 

50 000 = 03 X A X 31 
or 

A = lo 5 sq ft 

Since 2 301 1m ft of 1 >4 in pipe hue 1 sq ft of outside surface, the total 
length of the heat exchanger must be 2 301 X 15 5 = 35 6 ft The 
exchanger could consist, for example, of four sections each 9 ft long 

Illustrative Problem 6 (Pipe Coil) — One hundred cubic feet of free air 
per minute, compressed to a pressure of 50 lb per sq in gauge is to be 
cooled from 210 to 90°r in a coil submerged in water at 80°F How long 
must the coil be if it is made of 1JJ in steel pipe bent into a 2-ft diameter 
helix? 

Data — Specific beat of air at constant pressure = G 24 B t U /(lb )(°F ) , 
density of the free air = 0 075 lb per cu ft 
Solution — The u eight of air flowing through the coil will be 
100 X GO X 0 075 = 450 lb per hr 

The required rate of heat transfer can be calculated from this value, the 
specific heat, and the temperature drop of the air 

q = 450 X 0 24 X (210 - 90) 

= 13 000 Btu per hr 

The film coefficient hi for the air can be determined by Cases 16 and 3 
Since the internal cross-sectional area of iyi in pipe is 1 495 sq in , the 
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weight velocity of the air 

G ° 3,lrx 1 14 4 4 95 = 12-0 lb -/(sec.)( s q. ft.) 

(Note that this value is larger than the minimum permissible value given in 
Table 16.) Then from Fig. 24, h 0 = 28 B.t.u./(sq. ft.)(hr.)(°F.); from 
Table 14, F, = 1.02 (average temperature of the air = 150°F.); and 
from Table 15, Fj — 0.94 (inside pipe diameter = 1.38 in.). Hence, for 
the coil, 

/Ji = [l + 3.54 X 2S X 1.02 X 0.94 

= 32 B.t.u./ (sq. ft.) (hr.) (°F.). 

The film coefficient /i» for the water can be determined by Cases 17 and 11. 
The average pipe wall temperature /„ must first be determined by the 
method explained in Sec. 32: Assume = 90°F. Then, from Fig. 31, 
ho = 85 B.t.u./(sq. ft.)(hr.)(°F.) [At = 90 - SO = 10°F.]; from Table 26, 
F, — 0.93 [average film temperature = (90 + 80) /2 = 85°F.[; and from 
Table 27, Fj = 0.88 (outside pipe diameter = 1.66 in.). Hence, ns a first, 
approximation, 

hi = 85 X 0.93 X 0.88 

= 70 B.t.u. /(sq. ft.)(hr.)(°F.). 

A more accurate value of can now be determined by Eq. (45): 

, 32 X 150 + 70 X 80 

32 + 70 

= 102°F. 

Redetermining /ij for this value of from Fig. 31, 

ho = 105 B.t.u./(sq. ft.) (hr.) (°F.) 

80 = 22°F.]; and from Table 26, 

0.96 [average film temperature = ^ = 91°F.]. 

hi = 105 X 0.96 X 0.88 

= 89 B.t.u./ (sq. ft.)(hr.)(°F.). 

The over-all coefficient U, based on the outside pipe surface, can be 
calculated by Eq. (27): Thus, since the pipe wall is 0.140 in. thick, and since 
the thermal conductivity of steel is about 26 B.t.u./(ft.)(hr.)(°F.), 

1 1.66 0.140 1 

U 32 X 1.38 + 12 X 26 + 89’ 
or 

U = 20 B.t.u./(sq. ft.)(hr.)(°F.) (clean pipe). 

Allowance should be made for the presence of scale on the outside surface 
of the pipe. The scale coefficient li, can be determined by Case 25: Assum- 


[A( = 102 - 

Ft = 
Finally, 
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ing that a deposit of scale 0 1 in thick will gradually accumulate, 


- 120 B t u /(aq ItKhrK'F) 

Then, by Eq (29), 

J_„± + J_, 

U. 20 ^ 120 

U, “ 17 B t « /(sq ft )(hr )(°F ) (scaly pipe) 

The mean temperature difference between the air and the water can be 
determined from Tig 17 (or calculated bj Lq 30) Thus, 

AJ - 210 — 80 - 130°F , 

At" = 00 - 80 - 10*F , and A* „ = 47T 
The outside pipe surface required can now be calculated by Eq (24) 

13 000 - 17 X d X 47, 
or 

A - 1C 3 sq ft 

Since 2 301 lin ft of 1JJ m pipe hive 1 sq ft of outside surface, the total 
length of pipe needed in the coil is 2 301 X 1C 3 = 37 5 ft 

Illustrative Problem 6 (Evaporator) — \ weak salt solution is to be con 
centrnted in a vertical short tube evaporator («eo See 406) The evaporator 
will operate at a pressure of 24 in Hg absolute and will be suppbed with 
saturated steam at 10 lb per sq m gauge Assuming that the solution has 
approximately the same properties as water determine the number of 
2-in od X No 14 B G brass tubes 5 ft long required to evaporate 
4,000 lb of water per hour 

Pa fa —Steam temperature — 239°F , solution temperature - 201°F , 
heat of condensation of the steam = 952 B t u per lb , heat supplied to the 
solution per lb of water evaporated = llOOBtu 
Solution — The required rate of heat transfer 

5 = 4 000 X 1 tOO = 4,400,000 B t u per hr , 

nnd the weight of steam required is 4 400,000/952 = 4,620 lb per hr 
The film coefficient Ai for the solution (i e , f'r water) can be determined 
bv Case 24, and the film coefficient A* for the steam can be determined by 
Case 22 Since both coefficients depend upon the tube-w all temperature h* 
a trial and error solution is necesssrj 

As a first trial, assume t. = 225*F From Fig 3S, 

h -aiWfct-vi /(sq ftlOnKT) (it =225 - 201 = 2VT), 
and from Table 44, F, = 0 94 (pressure = 3i io “ 0 8 atm abs ) Hence 
A, = 1 25 X 2200 X 094 

« 2600 B t u /(sq ft )(hr )(°F ) 
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The inside tube surface A\ corresponding to this value of hi can be cal- 
culated by Eq. (23): 


4,400,000 = 2,600 XiiX (225 - 201), 
or 

Ai = 70.5 sq. ft. 

The corresponding outside tube surface (inside tube diameter = 1.834 in.) is 
70.5 X (2.000/1.834) = 77.0 sq. ft., and the rate of condensation of the 
steam T1 = 4,620/77.0 = 60.0 lb./(sq. ft.) (hr.). Referring to Table 40, 
since IT X N = 60.0 X 5 = 300, method a of Case 22 must be used to 
determine A-. From Fig. 37, ho = 420 B.t.u./(sq. ft.) (hr.) (°F.) ; from Table 
41, Ft = 3.19 (at = 225°F.); and from Table 42, F n ' = 0.75. Hence, 
for clean tubes, h - = 420 X 3.19 X 0.75 = 1000 B.t.u./(sq. ft.)(hr.)(°F.). 
Combining this value with a scale coefficient 


or 


h. 


= 3000 B.t.u./(sq. ft.)(hr.)(°F.) [from Case 25], 


h-.' 


1000 


+ 


1 

3000’ 


h.' = 750 B.t.u./(sq. ft.)(hr.)(°F.). 


The tube-wall temperature t* can now be calculated by Eq. (45) : 

2600 X 201 + 750 X 239 
2600 + 750 

= 209°F. 


Since this value does not agree with the value initially assumed, the calcula- 
tions must be repeated. 

As a second trial, assume f„. = 220°F. From Fig. 38, 

h = 800 B.t.u./(sq. ft.)(hr.)(°F.) (At = 220 - 201 = 19°F.); 
so 

hi = 1.25 X S00 X 0.94 

= 940 B.t.u./(sq. ft.)(hr.)(°F.). 

By Eq. (24), 

4,400,000 = 940 X At X (220 - 201) 
or 

Ai = 246 sq. ft. 

The corresponding outside tube surface 

A - = 246 x (nli) = 269 sq - ft - 

Hence, IT = 4,620/269 = 17.2 lb./(sq. ft.)(hr.). Since 
IT X N = 17.2 X 5 = 86, 

method b of Case 22 must be used to determine h-_. From Fig. 36, 
ho = 2000 B.t.u./(sq. ft.)(hr.)(°F.); 
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from Table 37, Ft = 1 56 (at I. - 220°F ), and from Table 43, F." = 1 27 
Hence, for clean tubes, 

A, - 0 29 X 2,000 X 1 56 X 1 27 - 1150 lit u /(sq ft )(hr )(°F.) 
Combining this with a scale coefficient A. = 3000 Btu /(sq ft )(hr )(°F), 

1 - 1 i 1 

K? 1 160 3000' 

A,' - 830 n t u /(sq ft )(hr )(T ) 

Calculating the tube-wall temperature t m by Eq (45), 

_ glO X 201 + 830 X 239 
" ~ 040 + 830 

= 2I9°F 


Since this is approximate!) the \ slue lnitiall) assumed, the calculations need 
not again be repented 

The outside tube surface A, — 269 «q ft , determined abo\c, does not 
take into account the temperature drop through the tube wall K more 
accurate \ alue can be calculated as follows Since the t ube nails are 0 0S3 in 
thick and the thermal conducts lty of brass at 220°F is about 


by Eq (27), 


59 Btu /(ft) (hr) (*F), 


1 2000 0 0S3 1 

(/, " 910 X 1 834 + 12 X 59 + 830 


or 

t\ = 400 Btu /(sq ft )(hr)(*F) 


Hence, by Eq (24), 


4,400,000 = 400 X At X (239 - 201), 

A, = 290 sq ft 

Since 1 910 lin ft of2-in tubing have 1 sq ft of outside surface, the outside 
surface of each tube = 5/1 910 = 2 62 sq ft ,and the total number of tubes 
required — 290/2 62 — 111 tubes 

Illustrative Problem 7 — Calculate the heat loss per foot of length from a 
bare 3-in steam pipe at 400*F if the surrounding air and walls are at 70°F 
Solution — The convection coefficient A can be determined b> Case 12 
Thus, from Fig 32, 

A « = 2 1 Btu /(sq ft )(hr)( 4 F ) (for it = 400 - 70 = 330T), 
from Table 28, F, = 0 93 [film temperature = (400 + 70) 2 = 235®F ), 
from Table 29, Ft = 0 73 (outside pipe diameter = 3 500 in ), and from 
Table 30, F r = 1 00 Hence, 

A =21 X 09S X 0 73 X 100 
= 1 5 B t u /(sq ft ){hr )('F ) 



CONVECTION COEFFICIENTS 


79 


The radiation coefficient h, can be determined from Fig. 10 and is equal to 
2.4 B.t.u./(sq. ft.)(hr.)(°F.). Assuming that the emissivity of the pipe is 
0.9, the combined coefficient for convection and radiation is 

1.5 + 0.9 X 2.4 = 3.7 B.t.u./(sq. ft.)(hr.)(°F.). 

Therefore, since 1.091 ft. of 3-in. pipe have 1 sq. ft. of outside surface, the 
total heat loss from the pipe 


= 3.7 X X (400 - 70) = 1120 B.t.u./(hr.)(ft. of length). 
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Case 1. Liquids Heated inside Horizontal or Vertical Tubes, Turbulent 
Flow.— The film coefficient can be determined by the equation 
A - A, X P t X Ft, 

where A *= the film coefficient, B t u /(«q It )(hr )(®F ); A» «• the base value 
ot the film coefficient, from Fig 22, F, = the temperature-correction factor, 
from Table 8, Ft = the diameUr-conection factor, from Table 9 

Table 8 — Temperature-correction Factor tor Cabe 1 




h 0 = Base value of the film coefficient, B.t.u.per(sc(.ft.)(hn)( 0 F) 
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Case 2. Liquids Cooled inside Horizontal or Vertical Tubes, Turbulent 
Flow.— The film coefficient can be determined bj the equation 
H=*.Xf,X Ft, 

where h •» the film coefficient, B t u /(<q ft )(hr )(°F ), h» ~ the base \alue 
of the film coefficient, from Fig 23, F, =» the temperature-correction factor, 
from Table 11; Fj — the diameter-correction factor, from Table 12 
Table 11 — Tempfratirf correction Factor tor Case 2 





= Base value of the film coefficient, B.t.u. per(sq.ftKhn)(°F) 
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Case 3. Gases Heated or Cooled Inside Horizontal or Vertical Tubes, 
Turbulent Flow. — The film coefficient can be determined by the equation 

h = h, X Ft X F<, 

where h *- the film coefficient, B t u /(sq ft )(hr )(°P ) 

K = the base value of the film coefficient, from Fir 24 
F i ■* the temperature-correction factor, from Table 14 
Ft — the diameter-correction factor, from Table 15 


Table. 14 — TEMPFRATtmE-conntf-nov Factor for Case 3 



Table 1 5 — Di ut eter correction 
Tactor for Case 3 


0 05 
0 94 
0 92 


Table 16 — Minimum Permissible 
Values of G = Vp for Case 3 
rate of flow lb per sec 
cross-sectional area’ sq ft 
V- \elocity, ft per see 
p = density , lh per cu ft 
Priwu r» Lb per 

Sq In Gauge Omio " (Fs)mui 
0 0 46 

50 1 10 

100 1 73 


0 78 



h Q = Base value of the film coefficient, B.t.u. per(sq.ft.)(hr.)( <> f\) 
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1.5 2 

Rate of flow 


3 4 5 6 7 8 9 10 15 20 30 40 50 

> ! b 'P e ^- =Vp=velocityx density,(ft.persec)x(lb.percu.ft) 


Cross-sectional area’ sq.ft. 

Fig. 24. — Base value of the film coefficient for Case 3. 




8G 


APPLIED HEAT TRAXSVISS10\ 


Case 4. Gases at Atmospheric Pressure Heated or Cooled inside Hori- 
zontal or Vertical Tubes, Turbulent Flow — The film coefficient can be deter 
mined ba the equation 

* = »,xf,xr, 

where A " the film coefficient, B t u /(<q ft ) (hr )(°F ) 

ht = the base \&lue of the film coefficient, from Fig 25 
Ft «= the temperature-correction factor, from Table 17 
Ft = the diameter-corrrction factor, from Table IS. 


Table 17 — Temper vture-corrlction f actor for Case 4 









=Base value of the film coefficient, B.t.u. per (sq.ft.Mhr.X°F.) 
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Fio. 25.- 


30 40 SO 60 

V=Velocity, ft. per sec. 

—Base value of the film coefficient for Case 4. 
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Case 6 Liquids Heated or Cooled outside Single Tubes, Direction of 
Flow Normal to Tube — The film coefficient can be determined by the 
equation 

h = K X F, X F t 

where h =* the film coefficient, B t u /(aq ft )(hr )(°F ) 

h 0 ■= the base Value of the film coefficient from Fig 26 
F i “ the temperature-correction factor, from Table 20 
Ft — the diameter-correction factor, from Table 21 


Table 20 — Temperature-correction Factor for Case 5 



Table 21 — Diameter correction Factor for Case 5 




h 0 =Base value of the film coefficient, B.t.u per(sq ft.)(hr)(°F.) 
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3 4 

V= Velocity, ff. per sec. 

Fig. 26. — Base value of the film coefficient for Case 5. 
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Case 7. Gases at Atmospheric Pressure Heated or Cooled outside 
Single Tubes, Direction of Flow Normal to Tube — The film coefficient can 
be determined by the equation 

A = ij XFi X/< 

where k ■» the film coefficient, B t u /( sq ft )(hr )(’F ) 

A 0 - the hose aalue of the film coefficient, from Fir 2S 
F t *» the temperature-correction factor, from Tabic 2-1 
Fi - the diameter correction factor from Table 25 
Note that the film coefficient h obtained from the foregoing equation w 
for heat transfer by coniection onlj If the heat-transfer surface is exposed 
to other surfaces at different temperatures, it will gain or lose heat by 
radiation also The film coefficient for the combined effect of convection 
nnd radiation can bo obtained by adding the product of the cmissivity of 
the surface, obtained from Table I\ in the Appendix, times the radiation 
coefficient A,, obtained from Fig 10 m Chap If, onto the convection coeffi- 
cient A obtained from the equation aboic 


Table 24 — Tf uperature corrfction Factoh for Case 7 



Case 7 





=Base value of the film coefficient, B.t.u. per (sq.ft.)(hr.H°F.) 


CONVECTION COEFFICIENTS 


93 



30 40 50 

V= Velocity, ft. per sec. 


80 90 100 


Fig. 28, — Base value of the film coefficient for Case 7. 
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Case 8 Liquids or Gases Heated or Cooled outside Tube Bundles, 
Direction of Flow Normal to Tubes — Approximate values of the film 
coefficients for fluids flowing outside tube bundles and in a direction normal 
to the tubes can be determined by the follow ing equations A ■= 1 3 X A. , 
for daggered tubes or A ■= 1 2 X A. , for tubes in line where A •= the 
film coefficient for flow normal to the tube bundle, B t u /(sq ft ) (hr ) (°F ), 
and h, i m the film coefficient for flow normal to a single tube, obtained from 
Case 5 6, or 7 A, i should be evaluated at a velocity equal to that at the 
narrowest section between the tubes of the tube bundle 
For baffled heat exchangers in which the flow is normal to most of the 
tubes but parallel to some it is suggested that the film coefficient for the shell 
side fluid be taken equal to A.,, the latter being evaluated at the velocity 


144Q 

(d. - nd)( 


where V •« the xclocitj between the tubes nt the widest part of the shell, 
ft per sec , Q — the \olumctnc rate of flow cu ft per see , d, ** the inside 
diameter of the shell in , d — the outside diameter of the tubes in , n — 
the number of tubes across the widest part of the shell, l = the distance 
between baffles in 

Case 9 Liquids or Gases Heated or Cooled outside Tube Bundles, 
Direction of Flow Parallel to Tubes — The film coefficient for fluids flowing 
outside tube bundles and in a direction parallel to the tubes can be deter 
mined from Case 1 2 3 or 4 for fluids inside tubes if an equivalent inside 
diameter d, is used in determining the diameter correction factor Tho 
cquualent diameter can be calculated by the equation 

d.-iXp, (46) 


where d, •• the equivalent inside diameter in, A — the cross sectional area 
of the space between the tubes sq in , P — the number of tubes X the 
penmeter of each tube in 

For tubes spaced on equilateral tnangtes or on squares d, can be deter- 
mined from rig 29 or 30 

Case 10 Liquids or Gases Heated or Cooled in Annular Spaces, Tur 
bulent Flow — The film coefficients for fluids flowing through the annular 
spate of a double-pipe heat exchanger can be determined from Case 12 3, 
or 4 for fluids inside tubes if an equivalent inside diameter d. is used in 
determining the diameter correction factor Fj The equivalent diameter 
can be calculated by the equation 



where d, ** the equivalent inside diameter in , d\ — the inside diameter of 
the outer pipe w , <fj the outside diameter of the inner pipe in 
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Case 11. Liquids Heated outside Stogie Horizontal Tubes, Natural 
Convection. — The film coefficient eon be determined by the equation 

A - A# Xf.X F 4 , 

where A ■■ the film coefficient, B t u /(sq ft ){hr )(®F ) 

h t ■* the base value of the film coefficient, from Fig 31 
F i — the temperature-correction factor, irom Table 20 
Fj — the diameter correction factor, from Table 27 

Table 26 — Temperature coiirectiov Factor for Case 11 
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CJ 0 )(uq)C4j'bs)j3d TVj-g 'juapijpob ui|ij sqt go snjDA ssog=°q 


i 4 5 6 7 8 9 10 15 20 30 40 50 60 10 6090100 150 200 

At = Temperature difference between the retaining wall and the liquid, °F. 

Fia. 31. — Baao value of the film coefficient for Case 11. 
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Case 12 Gases Heated outside Single Horizontal Tubes, Natural Con- 
vection — The film coefficient can fie determined by the equation 
k “AiXFiXfzXf, 

where h = the film coefficient, B t u /(sq ft )(hr )(*F ), A» — the base value 
of the film coefficient, from Fig 32, Fi =* the temperature-correction factor, 
from Table 28, I a »* the diameter-correction factor, from Table 29, F, = 
the pressure-correction factor, from Table 30 

Note that the film coefficient h obtained from the foregoing equation is for 
heat transfer by convection only If the heat-transfer surface is exposed to 
other surfaces at different temperatures it will gain or lose heat by radiation 
also The film coefficient for the combined effect of convection and radia- 
tion can lie obtained bj adding the product of the emissiv lty of the surface, 
obtained from Table IV in the Appendix times the radiation coefficient A,, 
obtained from Fig 10 in Chap II, onto the convection coefficient A obtained 
from the equation above 

Tabus 28 — Temper vturr-correctiov Factor tor Case 12 









At = Temperature difference between fhe retaining wall andihegas. 
Fig. 32. — Base value of the film coefficient for Case 12. 
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Case 13 Liquids Heated inside or outside Vertical Tubes or on Vertical 
Plates, Low Velocities or Natural Conyection Only — The film coefficient 
can be determined by the equation 

h « h, X F, 


where h = the film coe/T went It t u /(sq ft )(hr )(°F ) 

hi> *» the base \alue of the film coefficient from Fig 33 
F i =* the temperature-correction factor from Tabic 31 


Table 31 — Tempf-batcre-correction Factor tor Case 13 


Liquid 

| A\c temp of the film* 

| 0% 

| o0% 

100T 

1 150°I 

j 2 oo°r 

1 2aO“F 

| F ,f 

Acetic ncid (100%) 




1 00 

0 09 

0 99 

0 99 

Acetone 

0 87 

0 

91 

1 00 

1 03 

1 Oo 

1 O' 

Ammonia 

0 73 

0 

86 

1 00 

1 15 

I S’ 

1 51 

Benzene 


0 

88 

1 00 

1 11 

1 22 

1 S3 

Carbon disulfide 

0 91 

0 

97 

1 00 

1 03 

1 OG 

1 09 

Carbon tetrachloride 

O 83 . 

0 

92 

1 00 

1 03 

1 Oo 

i (r 

Chlorobenzene 

I 00 j 

1 

00 

1 00 

0 99 

0 99 

0 98 

Chloroform 

O to 

0 

93 

1 00 

1 O' 

/ IS 

I 20 

1 thyl acctnlc 

I 0 1 

1 

01 

1 00 

0 9G 

0 92 

0 87 

Fthyl alcohol (100%) 

o rs 

0 

83 

1 00 

1 17 

1 33 

/ 60 

Fthjl alcohol (40%) 

O 1,0 \ 

1 0 

CS 

1 00 

I J 

/ 77 


I thyl bromide 

0 01 

0 

OG 

I 00 ■ 

1 03 

t Oo 

I 0 

Fthyl ether 

0 87 

0 

91 

1 00 

1 0.5 . 

1 08 

I 10 

Fthjl iodide 

0 1 

0 

87 

1 00 

1 12 

1 23 

I So 

Heptane 

0 89 

0 

91 

1 00 

1 Of 

/ II 

/ 1 

Hexane 

0 ss 

0 

91 

1 00 

1 06 

1 09 

1 12 

Methyl alcohol (100%) 

0 ' G 

0 

89 

1 00 

1 09 

I 18 

l 2o 

Methyl alcohol (90%) 

0 C 

0 

80 

1 00 

1 IS 

1 S3 

1 34 

Octane (n) 

0 80 

o 

91 

1 00 

1 07 

1 IS 

1 20 

Pentane (n) 

0 91 

0 

96 

1 00 

1 03 

1 Oo 

1 O' 

Sulfur d oxide 

1 00 

1 

00 

1 00 

1 00 

1 00 

1 00 

Sulfuric acid (98%) 


0 

76 

1 00 

, 1 S3 

1 46 

1 69 

Sulfuric acid (60%) 


0 

76 

1 00 

1 19 

1 31 

1 87 

Toluene 

0 So 

0 

92 

1 00 

1 07 

1 15 

1 22 

^Vater 


\1 

73 

1 1 00 

1 19 

1 33 

1 50 


!>« ms n body of the I qu d> + 2 

t Values n takes are baaed on eilrspoLsted values of the phyeicsl propert ea of the fluids 
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4 5 6 7 8 9 10 15 20 , 30 40 50 60 70 8090100 

At = Temperature difference between the retaining wall and the liquid, "F 
Fia. 33. — Base value of the film coefficient for Case 13. 
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Case 14 Gasea Heated inside or Outside Vertical Tubes or on Vertical 
Pistes, Natural Convection —The film coefficient can be determined by the 
equation 

h « h, X F, X F„ 

where h ■= the film coefficient, B t u /(sq ft ) (Hr 5 (®F ) 

ho ” the base \alue of the film coefficient, from Fig 34 
F , => the temperature-correction factor, from Table 32 
F, “ the pressure-correction factor, from Table 33 
Note that the film coefficient h obtained from the foregoing equation is 
for heat transfer by convection only If the heat-transfer surface is exposed 
to other surfaces at different temperatures, it will gain or lose heat by 
radiation also The film coefficient for the combined effect of convection 
and radiation can be obtained by adding the product of the cmissivity of (he 
surface, obtained from Table IV in the Appendix, times the radiation 
coefficient h r , obtained from Tig 10 in Chap II, onto the convection coeffi- 
cient h obtained from the equation above 

Table 32 — Tempera TrRE-roRREmov Factor for Case J4 
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At s Temperature difference between the retaining wa/l and the gas , 
Fia. 34. — Base value of the film coefficient for Case 14. 
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Case 15 Liquids Heated or Cooled inside Coils Turbulent Flow 

Approximate values of the film coefficient can be determined by the equation 

U = 12Xli 0 b- 

where Aw b— for heating is obtained from Case 1 and Awu. for cooling is 
obtained from Case 2 

Case 16 Gases Heated or Cooled inside Coils, Turbulent Flow — The 
film coefficient can be determined by the equation 

where d = the inside diameter of the pipe or tube in 
d. » the diameter of the coil in 

Autm — the film coefficient for Rases inside straight tubes obtained from 
Case 3 or 4 Btu/(sq ft)(hr)(°F) 

Case 17 Liquids or Gases Heated or Cooled outside Coils, Natural or 
Forced Convection — The film coefficients for liquids or gases heated or 
cooled oulnde coxls arc approximately equal to the film coefficients for 
liquids or gases heated or cooled oulnde nngle tubei and can be obtained from 
Case 5 6 7 11 or 12 

Case 16 Air Heated on Homontal Plates, Natural Convection — The 
film coefficient for air heated by natural convection on large flat plates 
(3 sq ft or more) can be determined by the equations 

hn = 1 27 X hy (plate facing upward) 
or hi r - 0 67 X Ar (plate facing downward) 

where hn m the film coefficient for homontal plates B t u /(sq ft )(hr ){°F ) 
hr ■“ the film coefficient for vertical plates obtained from Case 14 
B t u /(sq ft )(hr )(®F ) 

Note that the film coefficients obtained from the foregoing equations are 
for heat transfer by concretion onlj If the heat-transfer surface is exposed 
to other surfaces at d fferent temperatures it will gam or lose heat by 
radiation also The film coefficient for the combined effect of connection 
and radiation can be obtained by adding the product of the emissivity of 
the surface obtametLJff—n Table IV in the Appendix times the rad ation 
coefficient A obtained 5 rom Fig 10 in Chap II onto the convection coeffi 
cient A obtained from the equation above 
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Case 19. Petroleum Oils Heated inside Horizontal or Vertical Tubes, 
Streamline Flow. — The film coefficient can be determined by the equation 

h = X F, X F d , 

where h = the film coefficient, based on the arithmetic mean of the terminal 
temperature differences, B.t.u./(sq. ft.)(hr.)(°F.); h 6 = the base value of 
the film coefficient, from Fig. 35; Ft = the temperature-correction factor, 
from Table 34; Fj = the diameter-correction factor, from Table 35. 


Table 34. — Temperatube-correc- Table 35. — Diameter-correction 
tion Factor for Case 19 Factor for Case 19 


Ave. temp, 
of oil, °F. 

F, 

Inside 
tube 
dia., in. 

Fd 

inside 
tube 
dia., in. 

Fd 


0.2 

5.00 

1.2 

0.83 

100 

1.00 

0.3 

0.4 


1.3 

1.4 

0.77 

0.71 

200 


0.5 

0.6 

2.00 

1.67 

1.5 

0.67 



0.7 

1.43 



400 

0.98 

0.8 

0.9 

1.25 

1.11 

2.5 

3.0 

0.40 

0.33 

500 

0.97 

1.0 

1.1 


3.5 

4.0 

0.27 

0.25 


Table 36. — Maximum Permissible Values of I V'/d for Case 19 
IF' = rate of flow per tube, lb. per hr. per tube; d = inside tube dia., in. 


Viscosity, Saybolt 
Universal seconds 

Gravity, ^A.P.l. 

10° 



lHEQHi 

50° 

60° 

(JIIN 

\ d /max 

40 

1,300 

1,400 

1,500 

1,600 

1.700 

1,800 

50 

2,300 

2,500 

2,700 

2,800 

3,000 

3,200 

60 

3,200 

3,500 

3,700 

3,900 

4,100 

4,400 

80 

4,800 


5,500 

5,800 

6,200 

6,500 

100 

6,400 


7,300 

7,800 

8.200 

8,700 

150 

10,100 

10,900 

11,600 

12.300 


13,700 

2C0 

13,800 

14,800 

15,700 

16,700 

17,700 

18,700 

300 

20,600 


23,600 

25.000 

26,400 

27,900 

400 

27.600 

■ In rl‘1 

31,500 

33,400 

35.400 

37,400 


__ 40 

OJ 

€ 5%30 

SS;| 

■f^ZO 

> 0) c- 

to o <2, _ 

to Ut JC 
O r- I v 

co E o- 


10 



5 6 7 8 910 15 20 30 40 50 601050 100 150 200 300 400500 

W 1 Rate of flow per tube . lb. per hr. per tube 
N - Length of tube ft. 


Fio. 35. — Base value of the film coefficient for Case 19. 


Case 20. Petroleum Oils Cooled inside Horizontal or Vertical Tubes, 
Streamline Flow. — Approximate values of the film coefficient can be deter- 
mined by the equation 

he = 0.7 X hn, 

where he = the film coefficient for cooling, B.t.u./(sq. ft.)0ir.)(°F.); hu - the 
film coefficient for heating, obtained from Case 19, B.t.u./(sq. ft.)(hr.)(°F.). 
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W= Rate of condensation per sq.ft, of tube surface, lb. perfeq.ft.Khr.) 


Fig. 36. — Base value of the film coefficient for Cases 21 and 22b. 
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Table 42. — Correction Factor for the Height of the Surface, 

Case 22a 



5 6 8 10 


EihyJ Ether 4 

Heptane 9 

Hexane 7 

Methyl Alcohol 8 

Octane II 

Propyl Alcohol Oso) 15 

Steam , I - 

Sulfur Dioxi’de 2 - 

* Mu lhply ( value of h 0 b^lO - 

30 40 5060 80 100 150 200 


W=Rate of condensation per sq.ft, of heatiransfersurface,lb.per (sq.ft.Hhr.) 

Fig. 37. — Base value of the film coefficient for Case 22a. 
b. If TF X N is less than the critical value given in Table 40, 
h = 0.29 X ho X Ft X F N ", 

where h = the film coefficient, B.t.u./(sq. ft.)(hr.)(°F.). 

h 0 — the base value of the film coefficient, from Fig. 36. 

Ft = the temperature-correction factor, from Table 37. 

F k" = the correction factor for the height of the surface, from Table 43. 

Table 43. — Correction Factor for the Height of the Surface, 

Case 22& 
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Case 23 Liquids Boiling on Horizontal or Vertical Plates — Conservative 
values of the film coefficient for liquids boiling at atmospheric pressure on 
horizontal or vertical plates can be obtained from Fig 38 At values of it 
below the range gw cn in this figure the film coefficient for boiling is appro.xi 
matelj equal to the film coefficient for free connection on \ertical surfaces 
and can be obtained from Case 13 

The film coefficient for voter boiling at pressures other than atmospheric 
can be obtained by multiplying the \aluc obtained from Fig 38 by the 
pressure-correction factor gwen in Table 41 
Table 41 — Pressure-correction 
Absolute Pressure 
Atm • 

0 2 
0 4 

0 G 
0 8 

1 0 
2 0 
4 0 
G 0 
8 0 

10 0 
15 0 

• 1 atm — 11 7 lb i»r ») m 
Case 24 Liquids Boiling inside Tubes —If the motion of the liquid is 
the result of natural eon\ection onlj consenatwe \ slues of the film coeffi 
cient can be determined by the equation 

k T - 1 2o X hr 

where hr ** tho film coefficient for liquids boiling inside tubes B t u /(sq 
ft)(hr)('F) 

hr m the film coefficient for liquids boiling on flat plates obtained 
from Case 23 B t u /(sq ft )(hr )('F ) 

If the liquid is forced through the tubes at high \ elocities b> means of a 
pump the film coefficient is approximate!} the same as it uould he if no 
evaporation took place and can be obtained from Case 1 


Factor for Uater. 


F, 
0 G2 
0 78 
0 88 

0 04 

1 00 
1 16 
1 32 
1 40 
1 4G 
1 51 
1 60 



h=The film coefficient, B.t.u.per(sq.ft.)(hr.!(°F.) 
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At = Temperature difference between the retaining wall and the liquid , 0 F. 


Fig. 38. — Film coefficients for liquids boiling at atmospheric pressure on hori- 
zontal or vertical plates, Case 23. 
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Case 26 Seale Coefficients — The scale coefficient A, depends upon the 
thickness and the thermal eonductmtj of the scale If the thickness of the 
scale can be estimated, rough \alues of the scale coefficient can be calculated 
by the equation 



where A, ™ the scale coefficient B t u /{«q ft ) (hr )(°F ) 

k, — the apparent thermal eonductmtj of the scale, B t u /(ft ) 
(hr) (*!■ ) 

L, m the thickness of the scale, ft 

Although the apparent thermal condueln itv of scale lanes with the land 
and with the porositv of the scale, a mean \alue of 1 0 B t u /(ft )(hr )(°F ) 
mn be u«ed for k. 

The following values of A. maj be u*ed for the kinds of convection 
indicated 

A, Btu /(sq ft) 


Kind of Com cction (hr )(*F j 

Condensing steam 3000 

Condensing petroleum vapors 500 

Heating muddj water 600 

Heating residual petroleum stocks 200 



CHAPTER V 

CALCULATION OF PRESSURE DROP 

33. Introduction. — High fluid velocities in heat-transfer equip- 
ment are desirable because the rate of heat transfer by convection 
is higher at high than at low velocities. The pressure drop 
through the equipment is also higher at high velocities, however, 
and therefore the maximum velocity that can be used is fixed 
by the permissible pressure drop. 

The probable over-all pressure drop through any proposed 
equipment is equal to the sum of the individual pressure drops 
that the fluid will undergo. For example, the total pressure 
drop that the fluid flowing inside the tubes of a heat exchanger 
will undergo is equal to (1) the pressure drop caused by the 
abrupt contraction in cross section where the fluid enters the 
tubes plus (2) the pressure drop caused by friction in the tubes 
minus (3) the pressure rise caused by the abnipt enlargement in 
cross section where the fluid leaves the tubes and, if the exchanger 
is multipass, plus (4) the pressure drop caused by each reversal 
in the direction of flow. If the fluid is a gas, there will be an 
additional change in pressure caused by changes in the density 
of the gas as it is heated or cooled. Thus, changes in density 
will cause the gas to accelerate or slow down as it flows through 
the tubes, which will be accompanied by changes in pressure. 
Charts and tables which can be used to evaluate readily each 
of these individual pressure drops for various fluids are given 
at the end of this chapter. 

34. Calculation of the Charts and Tables. — The equations 
upon which the charts and tables are based are given in this 
section. The symbols used in these equations are defined in 
Table 45. 

Table 45. — Nomenclature 
.4 Inside cross-sectional area, sq. ft. 

I) Inside tube or pipe diameter, ft. 
d Inside tube or pipe diameter, in. 

/ Friction factor, no units. 

A F Energy decrease, ft.-lb. per lb. 

113 
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Table 45 — Nomenclature — ( Continued) 
G Weight velocity , 1b /(=ec )(sq ft of crosa section) 
g Acceleration of grav ity, 32 2 ft per see * 

K Contraction coefficient no units 
N Length of tube or pipe ft 
P Pressure, lb per sq ft abs 
AP Pressure nse or drop, 1b per sq ft 
R Cas constant, ft per °I 

T Temperature, ®r abs 

t Temperature, ®F 

t. Tube-nail temperature, ®F 

l Linear velocity, ft per see 
c Specific volume, eu ft per lb 
II ' Rate of flow , lb per hr per tube 
u Absolute viscosity lb /(ft )(sec ) 
p Density , lb per cu ft 


Case 1 Liquids, Prfssuue Drop inside Smooth Tubes, 
Turbulent Tlow — Tor isothermal, turbulent flow of fluids 
inside straight, smooth tubes, the pressure drop per foot of length 
can be calculated by the Fanning equation 


6JP _ 4 fpV* 
N 2 gD 


(48) 


The friction factor / has been determined experimentally by 
numerous investigators, and for the range DVp/p equal to 4,000 
to 1,000000, their results can be represented approximately by 
the equation 


. 0 0053 

m 


m 


This equation is \ihd only for isothermal flow , but, as shown by 
McAdams, 1 it can also be used as an approximation for the 
heating or cooling of any liquid if the viscosity p is evaluated at 
the arithmetic av erage of the tube-w all temperature and the tem- 
perature of the main body of the liquid Figure 39 and Tables 47 
and 48 arc based on Eqs (48) and (49), and the values of V X d 
corresponding to DVp/p equal to 4,000 arc given in Table 49 
Case 2 Petroleum Oils, Pressure Drop ivsioe Tubes os 
Pipes, Streamline Trow — Tor streamline flow of petroleum 
oils inside straight tubes or pipes, McAdams 1 recommends that 


1 McAdams W II 1 Heat Transmission," p 112 McGraw-Hill Book 
Company Inc 1933 
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the pressure drop per foot of length be calculated by the equation 


AP 35.2 p'V 
N gD- ’ 


(50) 


where p is evaluated at the average temperature {' defined by the 
equation 


3t + tv 


(51) 


In the latter equation, t represents the temperature of the main 
body of the oil and t* represents the temperature of the tube 
wall. Equation (50) is valid only if the value of DVp/p is less 
than 2,100. Figure 40 and Table 50 are based on Eq. (50) and 
on the equation 

TP = ?X1’X 3,G00p. (52) 

4 


The values of W/d corresponding to DVp/p equal to 2,100 are 
given in Table 51. 

Case 3. Liquids, Pressure Drop at the Entrance to 
Tubes. — The pressure drop earned by an abrupt contraction 
in cross section, such as occurs at the entrance to unflared tubes, 
can be calculated by the equation 



where Fi is the average velocity in the larger section and Fa 
is the average velocity in the smaller. The first term in the 


Table 46.— Contraction- Com i-iciest fob Sharp-edged Entrances* 
Ratio of Larger 
to Smaller Area K 

1 0 0 00 

15 0 13 

2 0 0 19 

2 5 0 24 

3 0 0.27 

3 5 0 30 

4.0 0- 32 

6.0 0.3S 

8 0 O- 41 

10 0 0 43 

* Taken from H. J. Hunhes and A T SnfTord, " Hj drnul.es." Tno Mncm.Unn Company 
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right-hand member of this equation represents the pressure drop 
required to increase the velocity of the fluid, and the second 
represents the pressure drop caused by friction Values of 
the contraction coefficient K for sharp-edged entrances are given 
in Table 46 Figure 41 and Table 52 are based on Eq (53), on 
these values of K t and on the equation 


AtVt- AtVt 


(54) 


Tor rounded or conical entrances, the value of K is quite small, 
and the pressure drop caused by friction is practically negligible 
Case 4 Liquids, Pressure Rise at the Outlet from 
Tubes — The me m pressure caused by an abrupt enlargement in 
cross section, such as occurs at the outlet from tubes, can be 
calculated by the equation 


> - W - 
2 


IV) 


(Vi - V*Y ' 
2? J 


Xp, 


(55) 


where Vi is the average velocity in the smaller section and P* 
is the average velocity in the larger The first term in the 
right-hand member of this equation represents the increase in 
pressure caused bj the decrease in the v elocity of the fluid, and 
the second represents the pressure drop caused b> friction 
It may be noted that the first term is always larger than the 
second and that A P therefore always represents a pressure rise 
Figure 42 and Tabic 53 arc based on Eqs (54) and (55) 

Case 5 Gvses, Pressure Drop inside Sviooth Tubes, 
Turdueevt IT.ow — Figure 43 and Tablrs 54 and 55 an, 
based on Eqs (4S) and (49) and on the assumption that the gases 
obey the pcrfect-gas law Pv = RT Although Eq (49) is 
based on data for isothermal flow it maj also be used if the gases 
are being heated or cooled, because the viscosities of gases do 
not change rapidly with temperature 
Cabe G Gases, Pressure Drop at the Entrance to 
Tubes — Figure 44 and Table 56 arc also based on Lqs (53) and 
(54) and on the values of the contraction coefficient K given in 
Table 46 The use of Eq (54) involves the assumption that 
the density of the gas changes only slightly during the contrac- 
tion This assumption is permissible for moderate rates of flow 
The values of the constant b given in Table 57 arc based on the 
assumption that the eases obev the Derfect-gas law Pa = BP 
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Case t . Gases, Pressure Rise at the Outlet from 
Tubes— Figure 45 and Table 58 are also based on Eqs. (54) and 
(55). In using Eq. (54), it is again assumed that the density of 
the gas changes only slightly during the process. 

Case 8. Gases, Pressure Rise or Drop Caused by 
Changes in Density. — If a gas is heated as it flows through a 
tube of constant cross section, it will leave the tube at a higher 
velocity than it enters, because its density will be decreased. 
This increase in velocity will be accompanied by a drop in pres- 
sure which can be determined as follows: The energy required to 
accelerate the gas is equal to the increase in the kinetic energy 
of the gas; i.e,, 


AF = li- - 
2 g 


2 g’ 


where A F is measured in foot-pounds per pound of gas. Since 
the weight rate of flow G = Fi/iq = F 2 /i> 2 , the foregoing equa- 
tion can be written 

(--»,) (H*) 

G~ 

= y (l>2 - Vi) X tW, 
or 

AP = — (i>2 — Vi). (56) 

9 

Equation (56) also applies if the gas is cooled, the negative value 
obtained indicating that the pressure rises. 

Figure 46 is based on Eq. (56). This equation can also be 
applied to liquids; but since the densities of liquids vary only 
slightly with changes in temperature, the values of AP are 
negligible. 

Case 9. Pressure Drop Caused by a Reversal in the 
Direction of Flow. — The pressure drop caused by a reversal 
in the direction of flow depends upon the design of the passage 
in which the reversal takes place. This loss may be relatively 
large for liquids but is usually negligible for gases. 

Case 10. Liquids or Gases, Pressure Drop in Annular 
Spaces or Outside Tube Bundles, Direction of Flow 
Parallel to Tubes.— For turbulent flow, the pressure drop in 
annular spaces or outside tube bundles can be determined from 
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Note that this value does not include the loss of head due to differences in 
the elevation of the first and last headers 

Illustrative Problem 2 — A two-stage asr compressor handles 500 cu ft 
of free air per minute (measured at 70°F and atmospheric pressure) The 
air is cooled between the stages from 240 to 90°F in an intercooler having 
the following specifications 

Total number of tubes «■ 40 
Length of tubes = 8 ft 
Diameter of tubes = 5$ in od 
Tube wall thickness = No 16 B G 
Ratio of cross sectional area of headers 

to cross sectional area of tubes = 2 5 

Determine the pressure drop through the intcrrooler if the average pressure 
of the air in the intercooler is 25 lb per sq in gauge 

Solution — The densitj of the air entering the compressor (see Table 57) 
is 2 70 X 14 7/(70 + 460) = 0 075 lb per cu ft , and the cross-sectional 
urea of each tube is 0 1921 sq in Therefore, the weight velocity in the 
tubes is 

r 500 X 0 075 144 

U “ CO X 40 X 0 1924 
- 11 7 lb /{sec )(sq ft) 

The density of the air entering the intercooler is 

270 x !Ij5TJ5o> " 0153 lb "■ 

and the density of the atr leav mg is 2 70 X (25 4- 14 7)/(90 + 460) = 0 202 
lb per cu ft The average density of the air in the intercooler is 0 178 lb 
per cu ft 

The pressure drop caused b> friction inside the tubes can be determined 
by Case 5 Thus from Tig 43 (Ap/A )o “ 0 018 lb (sq in )/(ft ), and 
from Tables 54 and 53 F, — 1 14 (average air temperature = 165T ) and 
It = 2 38 (inside tube diameter - 0 495 in ) The absolute pressure of the 
air is (25 + 14 7J/14 7 = 2 70 atm abs Therefore, since the tubes are 
8 ft long 

Ap, = 0 018 X 1 14 X 2 38 X X 8 
= 0 39 lb per sq in 

The pressure drop at the entrance to the tubes can be determined by Case 
6 Thus, from Fig 44 A p 0 = 0 12, and from Table 56, F, = 0 86 There- 

Ap, = 0 12 X 086 

= 0 10 lb per eq in 

The pressure me at the outlet from the tubes can be determined by 
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Case 7. Thus, from Fig. -45, Apo = 0.035 lb. per sq. in.; and from Table 58, 
F, = 1.2S. Therefore, 


Ap i = -0.035 X 1.2S 

= —0.01 lb. per sq. in. 

The change in pressure caused by the increase in the density of the air 
can be determined by Case S. Thus, from Fig. 4G, jh' =0.19 lb. per sq. in. 
and p 0 " = 0.1-1 lb. per sq. in. Therefore, 

Sp, = 0.14 - 0.19 

= —0.05 lb. per sq. in. 

Finally, the total pressure drop through the intercooler is the sum of these 
individual drops: 

Ap = 0.39 + 0.10 - 0.01 - 0.05 
= 0.40 lb. per sq. in. 

Illustrative Problem 3. — A petroleum oil flows through the tubes of a 
heater at the rate of 1,500 lb. per hr. per tube. The tubes are 10 ft. long, 

in. o.d., have Xo. IS H.W.G. walls (0.052 in. i.d.), and are at an average 
temperature of 200°F. Estimate the pressure drop through the tubes if the 
oil is heated from GO to IGO'F. and has the following properties: 

Gravity = 20° A.P.I. 

Viscosity at 95+ . -■ 200 Savbolt Universal seconds. 

Viscosity at IGO'F. = GO Savbolt Universal seconds. 

Viscosity at 170'F. = 55 Savbolt Universal seconds. 

Solution. — The pressure drop can be determined by Case 2 since (1 V'/d) 
is less than the maximum permissible value given in Tnble 51. Thus, at 
IGO'F., (IF'/rOn... = 3,500, while (I V'/d) = 1,500/0.052 = 2,300. 

The “film” temperature of the oil on entering the tubes is 

(3 X GO + 200) 0 „ 


and the viscosity at this temperature is 200 Savbolt Universal seconds. 
Hence, from Fig. 40, (Ap/A r ) 0 = 0.037 lb./(sq. in.)/(ft.) ; and from Table 50, 
F d = 5.50. Therefore, (Ap/N) = 0.037 X 5.50 = 0.204 lb./(sq. in.)/(ft.). 
Similarly, the film temperature of the oil on leaving the tubes is 

(3 X ICO + 200) = 170 „ F ^ 

the viscosity is 55 Saybolt Universal seconds, (Ap/A r )o = 0.0075 lb./(sq. 
in.)/(ft.), and (Ap/N) = 0.0075 X 5.50 = 0.041 lb./(sq. in.)/(ft.). 

The average pressure drop per fool of length is somewhere between 0.041 
and 0.204 lb./(sq. in.)/(ft.). Taking the arithmetic average of these two 
values, the total pressure drop is probably close to 10 X 0.123 = 1.23 lb. per 
sq. in. 
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Case 1. Liquids, Pressure Drop inside Smooth Tubes, Turbulent Flow. — 
The pressure drop per foot of length con be determined by the equation 
(Ap/N) ■» (&p/N)t X F t X Ft, where (Ap/N) = the pressure drop per 
foot of length, lb /(sq in )(ft of length), (Ap/A^o = the base value of the 
pressure drop per foot of length, from Fig 39, F, = the temperature-correc- 
tion factor, from Table 47, Ft = the diameter-correction factor, from 
Table 48 

Tabu 47 — Tr.upkRATURE-coiiRtcno\ Factor for Cast 1 
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Cite S. Petroleum 03*, Prtssure Drop ujud? Tubes or Pipes, Stream- 
line Flow —The p-t-tutte drop p<-r foot of length can be determined by the 

equation 

wteTe ~ 'be jwswit drop p-7 foot of length, lb /(wj m.)(ft- of 

length) 

“ the base value of the prevure drop p»r toot of length. Iron 
Fig- 40 

Pi «■ the dianjeter-coneetio*j factor, from Table If) 

T ablz. M — DiAMrrxR-co»t«moN fAno* toe Ca'e 1 
!&•*}* Tub* 

!>*». la r<* 


a U by Cl*rp«&tti<m. f, car U *uj* 


Tabu" 51 — M ctruru Perulosible \alci> or JT d ro» Cult 2 
- rate of Cow per tube lb per hr per tube d = mod* tube d.am eter in. 





= Base value of (he pressure drop per foot of length,lb persq in per ff of length 
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* The viscosity should be calculated at an average temperature equal to 
(3t+tv/)A, where! is the temperature of the oil and + w is the 
temperature of the tube wall 

Fig. 40. — Base value of the pressure drop for Case 2 
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Case 3 Liquids, Pressure Drop at the Entrance to Tubes. — The pres- 
sure drop at the entrance to unflared tubes (or at any other abrupt contrac- 
tion in cross section) can be determined by the equation 

Ap - Ap« XF„ 

where ip ■» the pressure drop, lb per sq in 

ipa — the base talue of the pressure drop, from Fig 41 
F, “ the a res- ratio-correct ion factor, from Table 52 



Table 52 — Area-ratio- 
correction Factor 
roR Case 3 

Ai ■=■ cross-sectional area 
before entering the 
tubes 

/ti “ cross-sectional area 
of the tubes. 

A, 

At F, 

1 0 0 00 

1 5 0 54 

2 0 0 75 

2 5 0 86 

3 0 0 92 

3 5 0 97 

4 0 1 00 

6 0 1 07 

8 0 11 ! 

10 0 1 13 


-Base value of the pressure drop for Caee J 
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Case 4. Liquids, Pressure Rise at the Outlet from Tubes. — The rise in 
pressure at the outlet from tubes (or at any other abrupt enlargement in 
cross section) can be determined by the equation 

Ap = Ap 0 X F T1 

where Ap = the rise in pressure, lb. per sq. in. 

Ap 0 = the base value of the rise in pressure, from Fig. 42. 

Ft = the area-ratio-correction factor, from Table 53. 



Fio. 42. — Base value of the pressure rise for Case 4. 


Table 53. — Area-ratio- 
correction FacTOB 
for Case 4 

A i = cross-sectional area 
of the tubes. 

At = cross-sectional area 


after 

leaving the 

tubes. 

At 

A i 

Ft 

1.0 

0.00 

1.5 

1.18 

2.0 

1.33 

2.5 

1.28 

3.0 

1.18 

3.5 

1.09 

4.0 

1.00 

6.0 

0.74 

8.0 

0.58 

10.0 

0.48 
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Case 5 Gases, Pressure Prop Inside Smooth Tubes, Turbulent Flow — 
The pressure drop per foot of length can be determined by the equation 

/Ap\ /Ap\ 

\NJ UA 

XfiXfiXp 


where (~ir) “ the pressure drop per foot of length, lb /(sq in ){ft of 

length) 



(-£ J — the base \alue of the pressure drop per foot of length, from 

r.g 43 



Ft — the tcmpcrature-correction factor, from Table 54 

Ft - the diameter-correction factor, from Table 55 

P = the o\ erage pressure of the gas atm abs i 

(1 atm - 14 71b 

per sq in) 



Table 54 — Temperature-correc- 

Table 55 — Diameter correction 

tion Factor for Case 5 

Factor for Case 5 

A\e Temp 

Inside Tube 


of Gas "F F, 

Dia In 

f 4 

100 0 60 

0 2 

7 20 

0 0 80 

0 3 

4 37 

100 1 00 

0 4 

3 08 

200 1 21 

0 5 

2 34 

300 1 42 

0 6 

1 88 

400 1 <W 

0 7 

1 55 

500 1 80 

0 8 

1 31 


0 9 

I 14 


l 0 

1 I 

1 00 


1 2 

0 so 


1 Z 

0 72 


1 4 

0 60 


I 5 

0 61 


2 0 

0 43 


2 5 

0 32 


3 0 

0 25 


3 5 

0 22 


4 0 

0 18 



CALCULATION OF PRESSURE DROP 


129 



G= olfitS^ ,S ^ffr' ^Vp-velocrtyxdens.ty.fft per5ec.V(lb percuff) 


Fig 43 — Base value of the pressure drop for Case 5. 
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Case 6. Gases, Pressure Drop at the Entrance to Tubes. — The p re-sure 
drop at the entrance to unflarcd tubes (or at anj other abrupt contraction 

in cross section) can be determined bt the equation 


Ap - Ap. X F„ 


where ip — the pressure drop lb persq in 


Apo — the base x able of the pressure drop from Fir 44 


hr “ the area rat in-correct ion factor from Table 56 


Table 50 — \ri a ratio-correc- 

Table 57 — (Its Densities 

tion Facto* tor Cast 6 

Approximate a alues of the density 

1 1 — cross-sectional area before en- 

can be calculated b\ the equation 

tering the tul>es 

, - 1 y. . 

“ l + 460 


rli — cross-sectional area of the 




At 

where p - thcdensita of the gas lh 

T t K 

tier cu ft 


1 0 0 00 

P - the absolute pressure of 

1 5 0 54 

the gas lb /sq in nbs 

2 0 0 75 

1 - the temperature of the 

2 5 0 56 

pLS °F 


3 0 0 02 

b — a constant obtained front 

3 5 0 07 

the following tat le 


4 0 1 00 

C as 

b 


Acctilone 

2 46 

6 0 1 07 

Air 

2 70 

8 0 1 11 

Ammom i 

1 61 

10 0 1 13 

Ilutane 

5 57 


Carbon dioxide 

4 13 


Carbon monoxide 

2 ai 


Chlorine 

6 72 


Fthane 

2 83 


V thl lene 

2 63 


Helium 

0 37 


Hydrogen 

0 19 


11 j drogen sulfi le 

3 2t 


Methane 

1 50 


Rlethj l ehlon Je 

4 82 


Nitric oxide 

2 SO 


itrogen 

2 61 


Nitrous oxide 

4 13 


Oxygen 

2 9S 


Sulfur dioxide 

6 11 
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G _ Rate of flow lb per sec. 

Cross sectional area of the tubes ' sq.ft. 

=Vp= Velocity in the tubes x density, (ft persechOb percu.ft.) 


Fig. 44. — Base value of the pressure drop for Case 6. 
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Case 7. Gases, Pressure Rise at the Outlet from Tubes.— The rue m 
pressure at the outlet from tubes (or at any other abrupt enlargement in 
cross section) can be determined by the equation 

Ap ~ 4po X F„ 

where A p = the rue in pressure, lb per sq in 

Ap a — the base value of the mo in pressure, from Fig 45 
Ft — the area ratio-correction factor, from Table 58 
Tam.e 5S — Area n itjo-correctiov Factor for Case 7 
At » cross-sectional area of the tul cs 
A t ■» cross sectional area after leaving the tubes 

At 

Tt Ft 

1 0 0 00 

15 1 18 

2 0 1 33 

2 5 1 28 

3 0 1 18 

3 5 1 00 

4 0 1 00 

6 0 0 74 

8 0 0 58 

10 0 0 48 



Ap= Base value of Ihe pressure rise, lb per sq in 
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=Vp=Velocity in fhe tubes xdensity.lft.persec )x(lb percu ft) 
Fig. 45 — Base value of the pressure drop for Case 7 
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Case 6 Gases, Pressure Rise or Drop Caused by Changes m Density — 
Tbe change m pressure caused by changes in the density of a gas flowing 
inside tubes can be determined by the equation 

■ip “ V» ' ~ P»'t 

where A p — the drop in pressure if positive and the me m pressure if nega- 
te e, lb persq in 

p 0 ' — the pressure term for the gas entering the tubes, from Fig 46 
pa" “ the pressure term for the gas Ieaung the tubes, from Fig 46 
Note that A p is positivo if the gas is heated and negatu e if cooled 

Case 9 Pressure Drop Caused by a Reversal In the Direction of Flow — 
The pressure drop caused by a reversal in the direction of flow depends upon 
the design of the passage in which the reyereal tabes place If the passage 
is u ell rounded the pressure drop is usually negligible, but if the passage 
has sharp corners, as in the headers of a multipass heat exchanger, the 
pressure drop may be relatn ely large 

For design purposes the energy Ion in passages with sharp corners may 
be assumed approximately equal to one-halt the Lmetic energy of the fluid 
in the tubes Based on this assumption, the pressure drop can be estimated 
by the equation 

Ap - 0000031 V, (58) 

where Ap — the pressure drop lb per sq in 

V — the i cloeity in the tubes, ft per see 
p — the density of the fluid lb per eu ft 
Case 10 Liquids or Gases, Pressure Drop In Annular Spates or outside 
Tube Bundles, Direction of Flow Parallel to Tubes — The pressure drop per 
foot of length can be determined from Case 1 or 5 for fluids inside tubes if 
an equivalent diameter d. is u><cd in determining the diameter correction 
factor Fj The correct equnalent diameter for flow outside tube bundles 
can he determined either by Eq (46) or by Fig 20 or 30 gnen in Case 9 in 
the preceding chapter The correct equnalent diameter for annular spaces 
is equal to the d fference between the outside and the inside diameters of the 
annular space 



p 0 =Pressure term, lb per sq in 
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CHAPTER VI 

TYPES OF INDUSTRIAL HEAT-TRANSFER EQUIPMENT 


36 Introduction — There nro many tj pcs of heat-transfer 
equipment Some of tlie more common t> pcs used for transfer 
ring heat from one fluid to another arc described m this chapter 
Direct-fired or cloctncall} heated equipment is not included 

37 Shell-and-tube-type Equipment — a One of the most 
widely used types of heat transfer equipment consists of a num- 
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ber of parallel tubes inclosed m a relatively close-fitting cyhn 
dnca\ shell One fluid flons inside the tubes and is called the 
tube side fluid the other flows outside the tubes and is called 
the shell side fluid If neither fluid condenses or ev aporates the 
equipment is commonly designated as a heat exchanger If one 
of the fluids condenses the equipment is designated either as a 
condenser or as a healer depending upon whether the primary 
purpose of the equipment is to condense the one fluid or to heat 
the other Similarly if one of the fluids evaporates the equip 
ment is designated either as an eiaporalor or as a cooler depending 
upon whether the primary purpose is to evaporate the one fluid 
or to cool the other 

One of the simplest designs is shown in Fig 47 The tube 
sheets are an integral part of the shell and both fluids make a 
single pass through the equipment The transverse baffles 
shown are not essential but they increase the velocity and 
136 
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turbulence of the shell-side fluid and thereby increase the rate of 
heat transfer. They are omitted if the shell-side fluid condenses 
or evaporates or if the volume of flow is large. The size of the 
nozzles used depends upon the service for which the equipment is 
intended. For example, the vapor-inlet nozzles on condensers 
intended for vacuum sendee are usually made quite large, are not 
necessarily circular in cross section, and may extend almost the 
entire length of the shell. 

Although the design shown in Fig. 47 is simple, it has certain 
disadvantages. Thus, no provision is made to allow for differ- 
ences in the expansion of the tubes and of the shell. Conse- 
quently, the design is not suitable if the temperature difference 



Fia. 4S. — Cutaway view of a shell-and-tube heat exchanger arranged for multi- 
pass flow of the tube-side fluid. ( Courtesy of the Griscojn-Russcll Co.) 


between the tube-side and shell-side fluids is large. Moreover, 
since the outside surfaces of the tubes are not accessible for 
cleaning, the design cannot be used if the shell-side fluid is 
dirt}'- or scale forming. Finally, the headers cannot be removed 
in order to clean the inside surfaces of the tubes without break- 
ing the piping connections. 

Another relatively simple design is shown in Fig. 48. This 
is similar to the one shown in Fig. 47 in that (1) no provision is 
made to allow for differences in the expansion of the tubes and 
of the shell and (2) the tube sheets are an integral part of the 
shell; so the outside surfaces of the tubes are not accessible for 
cleaning. This design offers a distinct improvement over the 
preceding one, however, in that the inside surfaces of the tubes 
can be readily cleaned without disturbing any of the piping con- 
nections. Note that the headers arc provided with partitions 
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which cause the tube-side fluid to make three parses through 
the exchanger 

Man} xanntions of these two simple designs are possible (1) 
b} using aanous kinds of tul>es, (2) bj using \anous kinds of 
baffles in the shell, (3) b} providing partitions in the colors to 
produce multipass flow, and (4) by including some pro\ i«ion to 
allow for differences in the expansion of the tubes and of the 
shell 

b Tubes — Straight, bare tubes arc most commonl} used, but 
for certain applications other kmd> are adiantageous Straight 
tubes set into the tube shoots with a slight initial bow or curia- 
turc are useful when the shcll-eidc fluid is scale forming With 
such tidies changes in temperature cau-c i amt ions in flexure 
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which trnd to crack up and break off scale accumulation* 
Bowed tubes abo provide for expansion and contraction but 
they should not be used in short lengths because of the increased 
likelihood of tube failure at the tube sheets 

U, or 'hairpin ” tubes illustrated in Fig 49 are used to take 
care of expansion and contraction Thc^c require only one tube 
sheet, but single defective tubes are sometimes accessible for 
replacement onl} by rcmoung «ca eral other tubes Since the 
tubes are difficult to clean internall} the} are suitable for use 
only when the tube-side fluid is clean and nonfouhng 

Finned tubes are particular!} adapted for use when the shell 
side fluid has a much lower film coefficient than the tube-side 
fluid, e g , when a gas is to be heated or cooled by a liquid Either 
transienc or longitudinal fins, as shown in Fig 50 can be used 
depending upon w hether the flow is normal to or parallel to the 
tubes 
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Retarder, or “swirling,” strips, consisting of a twisted metal 
strip inserted inside the tubes, are rarely used. Better results 
can be obtained with the same pressure drop by using either 



(a) 
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(h) 

Fio. 50. — Finned tubes, (a) Longitudinal fins. (6) Transverse fins. {Courtesy 
of the Griscom-Russcll Co.) 

longer or smaller diameter tubes or by increasing the number of 
passes. 

c. Baffles. — There are two general types of baffles: transverse 
and longitudinal. Both are used to increase the rate of heat 
transfer by increasing the velocity and turbulence of the shell- 
side fluid. They add considerably to the cost of the equipment, 



Fig. 51. — Partially assembled tube bundle showing method of holding transverse 
baffles in place. ( Courtesy of the Ross Heater and Mfg. Co.) 

however, and to the difficulty of cleaning the outside surface 
of the tubes. They also increase the pressure drop through the 
shell. In order to be fully effective, they must be installed so 
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that bj -passing is eliminated as far ns possible This is accom- 
plished by reducing to a minimum the clearance between the 
baffles and the shell and between the baffles and the tubes 
Sufficient clearance must be allowed, however, to permit the 
tube bundle to be withdrawn readily, c\cn after some warping 
has taken place The baffles are held in place independent of 
the tubes bj tie rods and spacers, as shown in Fig 5 1 It is 
important that the baffles be supported rigidly in order to prevent 
vibration which would result in chafing and quick failure of the 
tubes 



(a) 5egmental type (b) Disc and ring type 



(c) Orifice type (d) Vane type 

Flu 52 — Type* of tr»ns\er*e baffles (tube hole* not shown) 


Several kinds of transverse baffles are used, probably the com- 
monest being the segmental or “cross flow,” type shown in Tig 
52 a This type of baffle causes the shell-side fluid to flow back 
and forth across the tube bundle and is suitable for use with 
fouling liquids or for large volumes of flow 

Disk-and-rtng baffles shown in Tig 525, force the fluid to 
flow successively from the outside of the tube bundle toward the 
center and back again to the outside These baffles arc slightly 
more expensive than the segmental tj pe and have no particular 
advantage over them 

Orifice baffles, shown in Fig 52c, force the fluid to flow at 
high v elocities through the annular space betw cen the baffles and 
the tubes They can be used for small or moderate volumes of 
flow 

Vane-type baffles, shown in Fig 52 d, are slightly twisted like 
the blades of a fan By turning the baffles so that the blades of 
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one are in line with the openings of the next, a moderate deflection 
of the fluid is obtained. These baffles provide a large area for 
flow and consequently cause only a small pressure drop. They 
are particularly suitable for use with gases. 

Helical baffles are made of a number of disks which are cut 
along one radius and welded together to form a continuous helix. 
They are more expensive than any of the other types and have 
no outstanding advantages over them. 

Longitudinal baffles consist of flat plates which extend all 
the way across the shell. They may be used to obtain counter- 
flow of the tube-side and shell-side fluids, as shown in Fig. 53. 
They are also frequently used in condensers to distribute the 
flow of vapor over the entire length of the tube bundle when 



Fig. 53.- — Cross section of a shell-and-tube heat exchanger equipped with a full 

floating head. 


the vapor-inlet nozzle is located in the center of the shell. The 
clearance between the baffle and the shell should be as small as 
possible in order to prevent by-passing, but at the same time it 
must be large enough to permit the tube bundle to be withdrawn 
easily. If a split floating head is used, the longitudinal baffle 
may be permanently welded to the shell. 

Impact baffles, as shown in Fig. 53, are placed opposite the 
shell-inlet nozzle. They are used to prevent erosion, caused by 
impingement of the incoming fluid on the tubes, and to prevent 
tube vibration. They also help to distribute the flow. 

d. Passes . — If the tube-side fluid passes from one end of the 
heat exchanger to the other end just once, as in Fig. 47, the 
exchanger is said to be single-pass on the tube side. In contrast, 
the heat exchangers shown in Figs. 48 and 53 are said to be three- 
pass and two-pass, respectively. By adding suitable partitions 
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inside the headers, the tube-side fluid can bo made to make as 
many passes as may be desired Such multipass arrangements 
arc used to obtain higher velocities and longer paths for the 
fluid to tra\c! without increasing the length of the exchanger 
e Expansion Protisions — It is frequently necessary to make 
some provision to allow for differences in the expansion of the 
tubes nnd of the shell It is sometimes nlso necessary to provide 
for differences in the expansion of the v arious tubes if cither the 
tube-side or the shell side fluid undergoes a large change in 



Fio 54 — Tube bundles Kith iplit flouting heads (Courlcty of (ho Henry 1 ogt 
Machine Co ) 


temperature The following methods are u«ed to provide for 
thc-c differences in expansion 

The full floating-head construction, shown in Fig 53, is reta 
tn cl) expensive but is particularly *uited for use when the shell- 
side fluid is under high pressure The tube bundle can be 
removed readily for cleaning the outside surface of the tubes or 
for making repairs, and since straight tubes are u«ed the inside 
surface of the tubes can also be easily cleaned The channel 
type of cover shown on the stationary head permits easy accc&3 
to the inside of the tubes for cleaning or inspection without 
requiring the piping connections to be broken 

The split floating-kcad construction shown m Fig 54 is used 
if either of the fluids passing through the exchanger undergoes 
a large change in temperature The tube-side fluid is made 
to pass succcsxiv efy through each of the floating heaefs, anrf the 
differences in the temperatures of the tubes connected to any 
one floating head arc thereby reduced 

The packed floating-head construction, shown in Fur 55, 
also permits free expansion of the tubes and the irlsiue >• /.rfa-**- 
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of the tubes are readily accessible for cleaning by removing the 
cover plates on the stationary and floating heads. The entire 
tube bundle can be withdrawn to allow access to the outside 
surfaces of the tubes. The exchanger shown is two-pass on the 
tube side; so one row of tubes is omitted in the center of the tube 



Fig. 55. — Cutaway view of a shell-and-tube heat exchanger equipped with 
orifice-type baffles and a packed floating head. ( Courtesy of the Gnscom-Russcll 
Co.) 

bundle because of the partition required in the stationary head. 
Note the tie rods and spacer spools used to hold the orifice-type 
baffles in place. 

A modification of the packed floating-head construction is 
shown in Fig. 56. A smaller packing gland is required, and 
single-pass flow through the tubes 
is possible. This design is rarely 
used, however, because it is as expen- 
sive as either the full floating head 
or packed floating head without hav- 
ing any outstanding advantages over 
them. Note that the expansion of 
the tubes is transmitted to the ex- 
ternal piping and that the latter 
must be arranged to take care of 
this movement. 

Differences in the expansion of the tubes and of the shell are 
frequently provided for by some sort of flexible section built into 
the shell. Three such designs are shown in Fig. 57. These 
designs are suitable for moderate differences in expansion. 

The U tubes shown in Fig. 49 offer a relatively inexpensive 
means of providing for expansion. Since the tubes are free to 



Fig. 56. — Cross section show- 
ing packing gland on pipe con- 
nected to floating head. 
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expand independently of each other, the} are particularly suited 
for u«e where the \anous tubes may be subjected to widelj 
differing temperatures The} can be used for any pressure, but 
because of the difficult} of cleaning them internally, they should 
not be u«cd when the tube-«idc fluid is dirty or scale forming 
Bowed tubes can also be used to take care of expansion, but 



(a) <b> (c) 

Comxjal on rolled rta shell Flex ble flanges m shell Flex Me flange at lube sheet 
Fia 57 —Typo# of flexible wet on* bu It into the «hell 


because of the repented flexing the} are lihcl} to fail or develop 
leaks at the tube sheet unless the} are relativel} long 
Individual!} packed tubes each tube provided with a stuffing 
box and ferrule as shown in Tig 5S are frequentl} used in steam 
power plant condenser* This arrangement allows each tube 
to expand independent!} but involves a large number of joints to 
be kept tight 

Another arrangement that permits 
independent tube expansion consists of 
two concentric tubes One end of the 
outer tube is plugged and the two 
tubes ore expanded into separate tube 
sheets The tube-side fluid flows 
through the smaller tube to the plugged 
end of the larger and back through the 
annular space between them Heat 
transfer between the shell-side fluid out«ide the larger tube and 
the tubeside fluid inside takes place while the latter is in the 
annular space 

38 Double-pipe Heat Exchangers — Double-pipe heat ex- 
changers are sometimes used in place of shell and tube heat 
exchangers for low rates of flow They usuall} consist of two 
concentric pipes one of the fluids flowing through the inner pipe 
and the other flowing in the opposite direction through the 



Tube, 
sheet 

Fio 58 — Ind viduallj packed 
tube 
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annular space between the pipes. True counterflow is obtained, 
but this advantage is somewhat offset by the relatively large 
outside surface requiring insulation. On the basis of cost per 
square foot of heat-transfer surface, these exchangers are rela- 
tively expensive and consequently are usually used only for 
special applications. 



Fig. 59. — Double-pipe heat exchanger. ( Courtesy of the Struthcrs-Wells Co.) 


A typical double-pipe heat exchanger is shown in Fig. 59. 
Expansion is provided for by the packing gland on the inner pipe. 

A special design of double-pipe heat exchanger, intended for 
use when a gas is to be heated or cooled by a liquid, is shown in 
Fig. 60. The longitudinal fins on the inner pipe compensate 


~1 



Fig. 60. — Double-pipe heat exchanger equipped with longitudinal fins. ( Courtesy 
of the Griscom-Russell Co.) 


for the low film coefficient of the gas and reduce the length of 
pipe required. 

A rather unusual design is shown in Fig. 61. Instead of the 
tubes being concentric, they are expanded throughout their entire 
length into fins, heat flowing from one fluid to the other through 
the fins. The inlet and outlet connections and the return bends 
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type has 2-in. diameter tubes about 5 ft. long, although tubes 
from 1 to 4 in in diameter and from 3 to G ft. long are common. 

c. Basket-type Etaporator . — The basket-type evaporator, 
shown in Tig G4, operates in the same manner as the standard 
vertical short-tube evaporator except that the downtake is 
annular The deflector helps reduce entrainment losses and can 
be easily installed. One of the advantages of the basket-type 



evaporator is the fact that the entire heating element can be 
removed for cleaning and repairing About the same diame- 
ter and length tubes are used as in the standard short-tube 
evaporator. 

d. Vertical Long-tube Evaporator — Vertical long-tube evapora- 
tors are similar to vertical short-tube evaporators, except that 
the tubes are usually from 10 to 20 ft long These ev aporators 
can be divided into two types the controlled-lev cl type, shown 
in Fig 65, and the film type In the controlled-level type the 
liquor level is maintained at from one-third to one-half the height 
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of the tubes by a float-controlled feed valve In the downtake. 
The vapor discharges either into a vapor head directly above and 
integral with the heating element or into a separate vapor head 
as shown. Baffles are used to help separate the entrained 
liquor from the vapor. 

In the film-type evaporator the liquor level is not controlled, 
and the downtake pipe is used only in starting. After the 



Fig. 66. — Triple-effect inclined-tube evaporator. ( Courtesy of the Struthcrs-Wells 

Co.) 


evaporator is in operation, the liquor makes only a single pass 
through the tubes, the vapor and entrained liquid discharging 
usually into a centrifugal-type separator. The liquid carried 
over into the separator is withdrawn through a float-controlled 
valve which is required to prevent by-passing of the vapor. 

e. Inclined-tube Evaporator. — Inclined-tube evaporators are 
similar to vertical long-tube evaporators except that the tubes 
are inclined, usually at an angle of 45 deg. This type of evapora- 
tor requires less headroom than the vertical type, and tube 
replacements are more easily made. Since these evaporators can 
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he made self-supporting, they require no structural framework 
and are retain e\> easy to install A large tnple-cffect evaporator 
of this type is shown in Tig 06 Note the donntake pipes and 
liquid leiel controllers 

/ Horizontal lube Evaporators — Honzontal-tube evaporators 
differ from \crtical- and inclined-tube eiaporators in that the 



Fio 67 — Sect ion il view of a vertical body horxonlal tube evaporator ( Court- 
tty of the Gnicom-Ruue/l Co ) 

liquor is outside the tubes and the steam inside They are 
made with either rectangular or cylindrical bodies The rec- 
tangular t> pc of body vs often built of flat cast-iron plates and is 
known as the 11 ellner-Jehnek type This construction permits 
easy access for repairs but involves a large number of joints to be 
kept tight The cylindrical type of body is built with the body 
either vertical or horizontal Figure 67 shows a i ertical-body 
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evaporator equipped with bowed tubes which, when subjected 
to changes in temperature, tend to crack off and shed scale 
automatically. The horizontal-body evaporator shown in Fig. 
68 is also equipped with bowed tubes and is designed for pro- 
ducing boiler-feed make-up water. The entire tube bundle can 
be withdrawn, and the inside surfaces of the tubes can be cleaned 
by unscrewing the plugs in the headers opposite the ends of each 
tube. 

g. Forced-circulation Evaporator . — The forced circulation evap- 
orator is similar to the long-tube vertical evaporator, except 


r.. f „ 







Fig. 68. — Horizontal-body, horizontal-tube evaporator with cover removed. 

0 Courtesy of the Griscom-Russell Co.) 

that a centrifugal pump is placed in the circuit between the 
downtake and the tube bundle, as shown in Fig. 69. This 
permits higher velocities, and consequently higher rates of heat 
transfer, to be obtained. Since less heating surface is required, 
this type of evaporator is particularly adapted to applications 
that require that the heating surface be made of some high-priced 
metal. The liquor, which is inside the tubes, emerges from 
the heating element at high velocities and is directed downward 
by a baffle into the vapor head. The feed and thick-liquor take- 
off connections can be made at any point in the circuit, although 
admitting the feed on the inlet side of the pump is advantageous 
in that the feed and thick liquor are thoroughly mixed on passing 
through the pump. 
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h Coiled-tube Eiaporalor — Another type of evaporator in- 
tended for producing boiler feed make up water is shown m Fig 
70 The heating surface consists of helical coiled tubes which, 
like bowed tubes, crack up and break off scale accumulations 
automatically when subjected to sanations in temperature 
41. Open-type Sections — Open-type sections arc character- 
ized by the fact that the tube bundle is not inclosed in any kind 



Fio 09 — Forced -circulation evaporator 


of shell A typical open-type 
section is shown in Fig 71 
These sections are made with 
either bare or finned tuhes and 
can be arranged for multipass 
flow of the tube-side fluid by 
presiding partitions in the 
headers 

Bare-tubc sections are fre- 
quently u«cd as condensers or 
ns gas or liquid coolers For 
cither of thc*c applications, 
the sections can be submerged 
in ojicn tanks or pits through 
which the cooling water flows 
Baffles may be provided m 
the tanks to obtain counter- 
flow of the cooling water If 
a limited water supply makes 
atmospheric cooling necessary, 
the sections can be suspended 
directly beneath cooling tow- 
ers, and the cooling water 
allowed to drip over them 
Bowed tubes are used if the 


sections are subjected to large \anations in temperature or if 
the cooling w ater is scale forming 
Bare-tube sections are often used for recovering heat from 
hot waste water in plants, such as dye houses, woolen mills, 
bleachenes, and laundries The sections arc placed m pita 
through which the hot waste water flows while the clean water 
to be heated flow s through the tubes This arrangement 19 par 
ticularly advantageous if the waste water contains lint or other 
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solid matter. Such impurities would quickly clog the passages 
of a shell-and-tube heat exchanger, but they can easily be 
washed off open sections with a hose. 

Bare-tube sections are sometimes also used for heating chemi- 
cals or other solutions. The sections are submerged in the 
solution, and the steam for heating flows through the tubes. 



Fig 70 — Coiled-tube evaporator ( Courtesy of the Griscom-Russell Co ) 


Finned-tube sections are used foi heating or cooling large 
volumes of gas at atmospheric pressure. The gas is blown across 
the finned surface, while either steam or some cooling medium 
flows through the tubes. For example, Fig. 72 shows a finned- 
tube section intended for use as a generator air cooler. The air 
flows from the cooler to the generator and back in a closed 
circuit and is cooled by cooling w r ater flowing through the tubes 
of the cooler. 



Fio 72 — Open type Beet on « th finned tubes (CovrlttU of the Grucom-Ruudl 
Co) 

flowing through the coils and they are used as refrigerant 
e\ aporators the refrigerant evaporating as it flows through the 
coils 
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43. Hot-water Heaters. — The necessity of producing large 
quantities of hot water arises so frequently that several kinds 


H 



(a) 



of equipment designed especially for tills purpose are manufac- 
tured. These heateis use steam as the heating medium and are 
of two types: storage heateis and instantaneous heaters. 
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Storage heaters are intended for use where large quantities 
of hot water arc required at irregular intervals They consist 
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two separate tube bundles, one for high-pressure steam and the 
other for exhaust steam. 

Instantaneous heaters differ from storage heaters in that 
the water to be heated flows through the tubes while the heating 
steam is in the shell. A typical instantaneous heater of the 
shell-and-tube type is shown in Fig. 75. Another design using 
coiled tubes is shown in Fig. 76. These heaters are particularly 
adapted for use where the demand for hot water is fairly steady. 

44. Miscellaneous Types of Equipment, a. Jacketed Vessels. 
Jacketed vessels are frequently used for boiling liquids and are 
usually heated by steam condensing in the jacket. The heat- 


r 



Fig. 75. — Instantaneous hot-water heater equipped with U tubes. {Courtesy of 
the Patter son- Kelley Co.) 


transfer surface in contact with the liquid being boiled is rela- 
tively small but can be easily cleaned. For this reason jacketed 
vessels are used in place of submerged tube bundles for applica- 
tions, such as cooking, that require frequent and thorough 
cleaning of all surfaces. 

b. Submerged Steam Jets . — If the addition of some water is not 
objectionable, liquids can be heated by a submerged jet of steam. 
The rate of steam flow should be regulated so that all the steam 
is condensed and none escapes from the surface. By directing 
the jet properly, the steam can also be made to help circulate 
the liquid. 

c. Sprays . — Gases can be very efficiently heated or cooled by 
a spray of liquid if saturating the gas with the liquid vapor is 
not objectionable. This system is sometimes used, for example, 
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in air conditioning installation 5 ? The air to be cooled flows 
through sprajs of cold water and, because of the large amount of 
water surface, is cooled icry nearly to the temperature of the 
water 

d Regenerate type Equipment — Regenerate e-type heat ex 
changers differ from all the pre- 
Mou-ly mentioned tjpes m that 
the heat to be transferred is stored 
Within the exchanger for a period 
of time These exchangers usually 
consist of a chamber filled with a 
chcchcrworh of firebrick, cast iron 
or other material capable of absorb- 
ing considerable heat, and they 
operate in a cyclic manner The 
hot fluid flows through the ex 
changer first and gi\ es up heat to 
the chcchcrworh The cold fluid 
then flow? through the exchanger 
and absorbs this heat Exchangers 
of this tj pc arc regularly used for 
preheating air for blast furnaces 
and open hearth furnaces 
45 Tube Sizes and Materials 
The choice of tube size usually 
depends upon the service for which 
the equipment is to be used and 
upon economic considerations 
Smaller diameter tubes and closer 
j spacing allow more surface to be 
Fio 76 — Instantaneous hot- installed in a gn ensize tube bundle 
water heater equipped « ith eo led A k 0 f or t f, e „ amc v e Jocit\ of flow 
tubes (C ourtetu of the Orucom- „ , 

HuttellCo ) film coefficients in small tubes are 

higher than in large Larger tubes 
arc easier to clean howexer, and wader spacing allows cleaning 
’lanesiur Tnec'namca’i di caning ol Vne utfcsi&e surface RegaTAmg 
tube-wall thickness thinner tubes are cheaper and are easier to 
expand into the tube sheets but they wear out faster Regard 
ing tube lengths fewer tubes are required if longer tubes are 
used, and consequently cleaning and repairing are easier The 
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most frequently used tube sizes together with certain useful 
geometric data are listed in Table V of the Appendix. 

Different materials vary in their ability to resist each of the 
various factors affecting the life of tubes. Since many combina- 
tions of these factors occur, tubes made of a number of different 
materials are necessary. Some of the more common tube 
materials are low-carbon steel, stainless steel, copper, brass, 
Admiralty, Muntz, copper-nickel alloys, aluminum, and lead. 

46. Tube-installation Methods. — The commonest method of 
installing tubes consists of expanding the ends of the tubes into 
the tube-sheet holes by means of a rotating, roller expanding tool, 


Expanded lube showing 
how metal has filled 
grooves during rolling 
operation 




Rollers move outward 
parallel to axis of tube 
insuring perfect rolling 



Double grooves 
'da " wide by '/sz "deep 

Fig. 77. — Method of expanding tubes into tube sheet. ( Courtesy of the Ross 
Heater and Mfff. Co.) 


as shown in Fig. 77. The tube-sheet holes are drilled undersize 
and are then reamed to a diameter slightly larger than the out- 
side tube diameter. One or more grooves are frequently cut 
inside the holes in order to reduce the possibility of leakage and 
to increase the structural strength of the joints. Care must be 
taken not to overroll the tubes, since this would reduce the 
thickness of the tube walls at the point where corrosion and 
erosion are most severe. The inlet ends of the tubes are some- 
times flared in order to reduce the likelihood of a contraction of 
the stream taking place. Expanding tubes by drifting (driving 
a conical pin into the ends of the tubes) is unsatisfactory and is 
seldom done. 
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Tubes are abo frequently installed with ferrules, as shown 
in Fig 5S This method of installation permits easy tube 
replacements but has the di=ad\ antage of m\ olung a large num- 
ber of joints to be kept tight 

Tubes arc sometimes sweated or soldered into the tube sheets. 
Tlu« method is particular!} adapted to the installation of small- 
diamcter tubes which would be difficult to expand It can also 
be used if the tubes arc spaced so clod} that expanding the 



(a )— 

b 



Fio 78 — Scale cutters for small tubes (a) Cone cutter with flexible connec- 
tion lor cleaning V. tubes lb) LxpantSmg-blade head and drill head III Cone 
cutter unnersal joint and steam or air-dmcn motor (Cow ty of th* lirrfoof 
V/fl Co) 

tubes might damage the tube sheet The method cannot be 
used if the equipment i> to be used at high temperature*! 

Tubes can abo be w elded into the tube sheets but tins method 
of installation makes tube replacements xerj difficult 
47 Cleaning of Tubes — Cleaning the inside surfaces of tubes 
is facilitated by providing the headers with co\ ers, such as 
those shown in Figs 4S 55, and 72, that can be remoi ed wathout 
breaking any of the pipe connections Remo\ able plugs opposite 
the ends of each tube, as shown m Fig 71, abo allow easj access 
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to the inside of the tubes. Cleaning the outside surfaces is 
facilitated by removable tube bundles and wide spacing of the 
tubes and baffles. 

Hard, scaly deposits inside the tubes can be removed by means 
of cutters, such as those shown in Fig. 78. These cutters are 
driven by air-, steam-, or water-operated motors and are usually 
provided with a universal joint or some other type of flexible 
connection to permit their being used in bowed or U tubes. Soft 
or gummy deposits inside tubes can be removed by motor-driven 
revolving brushes or by rubber plugs forced through the tubes by 
water pressure. 

Hard, scaly deposits on the outside surfaces of tubes can be 
removed by sandblasting, if the tube bundle is removable, 
or by motor-driven vibrators or knockers which are run through 
the inside of the tubes. Soft, gummy deposits can be removed 
with hand brushes. If the tube surfaces are not readily accessi- 
ble, certain types of deposits can sometimes be dissolved by 
means of chemical cleaning fluids. 



CHAPTER VII 
INSULATION 

48 Introduction — Anj material having a low thermal con- 
ductivity can be used as insulation A good insulating material 
must possess certain other properties, however If it is to be 
used at high temperatures, it must be able to withstand these 
temperatures without deteriorating If it is to be used at low 
temperatures, it must be cither protected from or unaffected 
by moisture Tor some applicatioas the material may need to 
have sufficient structural strength to be self-supporting, it may 
need to be tough enough to resist rough usage and vibration, and 
it may need to be fireproof or resistant to chemical action For 
other applications the material may need to be light in weight, 
odorless, and verminproof In addition to these various factors, 
the choice of the kind of insulating material as well as the thick- 
ness to be used depends upon the cost Other factors that must 
be considered in this connection arc the ease of application, the 
salvage value of the insulation, and the cost of the heat or of the 
refrigeration that the insulation will save 

49 Basic Insulating Materials — Practically all industrial 
insulating materials are made from the following basic matenals 
asbestos, magnesium carbonate, diatomaceous silica v ermicuhte, 
rock wool, glass wool, cork, cattle hair and wool 

Asbestos, a mineral possessing a crystalline, fibrous structure 
is obtained from asbestos mines in the form of fine, silky crystals 
These crystals are easily separated by successive crushings into 
individual fibers In order to be of commercial value, the 
asbestos must possess length and fineness of fiber combined with 
mfusibility, toughness, and flexibility 

Magnesium carbonate is produced from dolomite limestone 
through a senes of chemical processes including calcination 
of the dolomite, slaking in water, the addition of carbon dioxide 
to eliminate calcium carbonate, and precipitation of the mag 
nesium carbonate Magnesium carbonate owes its low con 
162 
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ductivity to the great number of microscopic dead air cells that it 
contains. 

Diatomaceous silica, also called diatomaceous or infusorial 
earth, consists of the siliceous skeletons of microscopic plants 
called diatoms. These diatoms live in water; and when they die, 
their skeletons fall to the bottom of the sea or lake and build 
up deposits of diatomaceous earth. Such deposits have been 
formed in the past and have been hardened into solid rock, the 
individual boxlike skeletons remaining unaltered, however. 
These earths are generally white or gray in color and are soft 
and friable. 

Vermiculite is a micaceous mineral which possesses the peculiar 
characteristic of expanding in one direction only on being heated. 
The expansion takes place at right angles to the plane of cleavage 
and may amount to as much as sixteen times the original volume. 

Rock wool and glass wool are made by melting silica minerals 
in a furnace and pouring the molten mass in fine streams into a 
high-velocity jet of steam. The molten mass is blown into silky 
fibers which rapidly cool and solidify. The resulting woollike 
formation is chemically inert and incombustible and has a low 
thermal conductivity because of the many void spaces between 
the fibers. 

Cork is the outer layer of the bark of an evergreen oak tree 
known as the cork oak. This bark becomes unusually thick and 
is stripped off every 8 or 10 years. Cork is cellular in structure 
and owes its low thermal conductivity to the air entrapped 
within the cells. 

50. Pipe Covering for Hot Lines. — a. Insulation for covering 
hot pipe lines is available in the form of half sections, whole 
sections, segmental blocks, blankets, and tape. 

Half sections are the most commonly used form of insulation 
for pipe sizes up to about 10 in. They are held in place by metal 
bands or by loops of soft iron wire spaced from 9 to 12 in. apart. 
The ends of the wire are twisted, bent over, and hammered 
into the insulation so as to leave no projections. For extra- 
thick insulation, the half sections are applied in two layers, 
the circumferential and the longitudinal joints being staggered. 

Whole sections can be used only when the insulation is suffi- 
ciently flexible to allow its being slipped over the pipe when split 
longitudinally along one side. This method of application is 
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adv antagcous in that it increases the cffcctiv cness of the insula 
tion by decreasing the number of joints 
Flat blocks or sets of curved segmental blocks are used for msulat 
ing pipes larger than 10 in These blocks arc held in place by 
soft iron wire loops and a thin coat of hard finish asbestos 
cement is applied o\er them to present a smooth e\en surface 
When any of the foregoing types of rigid insulation are used 
the insulation is stopped off a sufficient distance from all flanges 
so that when the ends are beveled back at an angle of 45 deg 
the flange bolts may be easily rcmo\ cd 

Blankets consisting of some insulating material held between 
tw o sheets of metal lath arc applied by w rapping them around the 
pipe and lacing the edges of the metal lath together with wire 
Insulating (ape is sometimes used when the application of 
sectional insulation is impractical It is w rapped spirally around 

the pipe and held in place by wire clamps 
b 85 Vo Magnesia is the most commonly used kind of insulation 
for temperatures up to GOO°F It lias a low thermal conduc 
tmty is light in wcigl t is cos ly cut and fitted is not affected 
by steam or water leakage and is sufficiently strong to withstand 
all ordinary usage It consists of a mixture of approximately 
85 per cent magne mm carbonate and 15 per cent asbestos 
fiber The asbestos fiber is added to provide the necessary 
bonding and reinforcing qualities to allow the material to be 
molded into half sections and blocks as shown in Fig 79 The 
half sections arc 3 ft long and vary in thickness from % in 
to Vf in depending upon the pipe size The flat or curved 
segmental blocks are usually cither 3 by 18m or 6 by 36 in in 
size and are from to 4 in thick 
The method of finishing depends upon the location On p ping 
located indoors a canv as jacket may be sewed on over rosin sized 
paper or in the cose of the half sections the flaps on the light 
canvas jacket which is regularly furnished as an integral part 
of the sections may bo pasted down and the joints covered with 
brass lacquered bands On piping located outdoors the insula 
tion may be covered with a jacket of roofing paper the joints 
all being lapped ov cr and sealed with asphalt cement On hon 
zontal pipes the seams of the jacket are placed at the side of 
the pipe with the lap turned down lr order to shed water The 
jacket is secured in place by copper wire oops spaced about 4 in 
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apart. Where the insulation is in danger of mechanical injury, 
a metal jacket may be used. 

c. Calcined diatomaceous silica and asbestos fiber, mixed with a 
oonding material, aie used m the manufacture of an insulation 
that is suitable for temperatuies up to 1900°F. The diatomace- 



Fig 79 — So Magnesia insulation (a) Smgle-lajer pipe insulation (6) 
Double-lajer pipe insulation (c) Blocks and lagging. (Courtesy of the Keasbey 
&. Matt is on Co ) 

ous silica is calcined, or burned, at a temperature of approxi- 
mately 2200°F. before being mixed with the asbestos fiber, in 
order to limit the shrinkage of the finished product in sendee. 
This type of insulation does not have so low a thermal conductiv- 
ity as 85% Magnesia but can be used at much higher tem- 
peratures. For this reason it is frequently used as an inner layer 
in combination with 85% Magnesia, as shown in Fig. 5 in Chap. I. 
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A sufficient thickness is used so that the temperature of the latter 
does not exceed COOT the maximum allowable temperature 
for 85% Magnesia The greater insulating efficiency of the 
85% Magnesia is thus combined with the higher heat resistance 
of the high temperature insulation to produce a covcnng that 
has a maximum efficiency for a given thickness of insulation 
This combination also reduces the cost of the insulation since 
85% Magnesia is less expensive than the high temperature 
insulation 

This type of msulation is molded into half sections 3 ft long 
from 1 to 3 in thick for pipe sizes from y± to 10 in For larger 
pipe sizes it is ordinarily furnished in segmental blocks 

d Laminated asbestos felt insulation is especially suited to 
applications involving excessive vibration or rough usage It 
consists of approximately 40 layers per inch of thickness of a 
felt made of asbestos fiber and particles of finely ground sponge 
It has an unusually low thermal conductivity because of the 
great amount of dead air entrapped betvv een the layers of felt 
and it possesses considerable toughness because of the felted 
nature of the material It is more cxpcnsiv c than molded insula 
tions such as 85% Magnesia because it must bo fabneated It 
may be used for temperatures up to 700T 
Sections for pipe covcnng arc manufactured by winding the 
layers of felt one over the other and cementing them together 
at intervals The resulting cylinder is then split lengthwise to 
permit application For pipe sizes 3 in and larger it is split 
on one side only since the material is sufficiently flexible to 
permit the sections to be slipped on to the pipe ns shown in 
Fig 80 For pipe sizes smaller than 3 in the cylinder is cut 
into half sections The sections arc 3 ft in l^gth and are 
available in thicknesses from 1 to 3 in Tor service indoors 
the sectioas arc supplied with canvas jackets and are held in 
place with brass lacquered bands For service outdoors they 
are supplied with integral waterproof asbestos jackets 
e Felted asbestos insulation is also suitable for applications 
involving vibration expansion and contraction It can be used 
for example for covcnng gas engine exhaust lines It is made 
from asbestos fibers felted and molded into half sections and can 
be used for temperatures up to 1000°F It is made in 3 ft sec 
tions from 1 to 3 in thick to fit standard pipe sizes up to 12 in 
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/. Felted rock wool secured between two layers of metal lath 
by tie wires, as shown in Fig. 81a, is used for temperatures up to 
1000°F. Because of its flexibility, this type of insulation is 
shipped flat and is applied by wrapping it around the pipe and 
lacing the edges of the lath together with wire. For indoor work 
the insulation is coated with asbestos cement and finished with a 



Fig. 80 — Laminated asbestos-felt pipe insulation. ( Courtesy of the Johns - 

Manvillc Co ) 

canvas jacket. For outdoor work it is finished either with a 
coat of weatherproof cement or with a galvanized-iron outer 
casing, as shown in Fig. 816. The latter is particularly suited 
to installations where a fireproof and weatherproof jacket is 
required or where the insulation must be frequently removed for 
repairs, changes, or inspection. This type of insulation is made 
in sections 2 ft. long, in thicknesses from 1 to 4 in., for pipe sizes 
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2 in m diameter and larger Special shapes for flanges and 
bends can be obtained 

g Glass wool supported by straight-line wire netting shown 
in Fig 82 is used for co\ enng pipes 8 in m diameter and larger 
at temperatures up to 1000'T Since the wire netting is on the 
outside face only this tj pe of insulation is particularly adapted 
for co\crmg spirally meted or spirally welded pipe Rods 



M 



Fo 81 — Felled rock wool p po naulat on (o) Secured between metal lath 
(ft) Equ pped w th galvan zed ron outer caa ng (Courtety oj the J ohnt Uanri/ e 
C») 

bound to the edges of the wire netting form a sehage which 
facilitates lacing the cotcnng together The sections arc made 
2 ft long in thicknesses from 1 to 4 in 
h Quilted asbestos blankets shown m Fig 83 arc made of 
asbestos cloth filled with loose asbestos fiber and are used on 
pipes where frequent inspection requiring the removal of the 
insulation is necessary These blankets are easier to apply than 
molded insulation and are not subject to breakage They are 
provided with metal hooks and are laced on to the pipe with 
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\nrr Thcj ma\ be u*cd for temperatures up; to 9O0 9 F and 
are manufactured in sections 3 ft long: in thicknesses from H< to 
3 in. 

i Insulating taps, consisting of loosely twisted strands of 
asbestos doth can sometime-* lx* u ed where lack of space or 
numerous Ixnd- make the application of npd, sectional mmla 



Fio — In»ulst ns tar< (Cwlrty It/ Ww-l/«^rC 



Fn. S5. — Corrugstcd asbestos p pe lnsuUticm Cmrttti cf Its A'roiVr 
ila!Uton Co ) 

tion impractical The tape ran be u-od fo- temperature^ up to 
400°F and will withstand considerable vibration and rough 
•ii-3/gi. U. v am/pjftd. c jp/rdis *vn»«w i *hn fj.’jft and. is br.ld. in. 
place bt wire clamps as «hown in Fig S4 It is made in 50-ft. 
rolls, in width, up to 2 s ., m , and in thicknesses up to *>> in 
j Corrugated a'Vs'os insulation shown in Fig So maj be 
used for temperatures up to 300°F It is an inoxpcivne type of 
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insulation and is regularly used for covering low-pressure steam- 
heating lines. It consists of alternate layers of plain and cor- 
rugated asbestos paper, cemented together at the points of 
contact, and is made in half sections which are hinged together 
by either a canvas or a heavy asbestos-paper jacket. The sec- 
tions are held in place on the pipe by pasting down the flap on 
the canvas jacket or by inseiting metal staples into the paper 
jacket. The circumferential joints are covered v ith metal bands. 

This type of insulation is made in sections 3 ft. long, in thick- 
nesses from two to eight plies, to fit all standard pipe sizes. 
The standard ply is J4 in. thick, although finer corrugations 
averaging }4 in. per ply are also made. 



Fig. 86. — Aluminum-foil pipe insulation. (Courtesy of the Alfol Insulation Co ) 


k. Wool-felt insulation, designed particularly for use on either 
hot- or cold-sendee water lines, may be used for temperatures up 
to 225°F. It consists of an inner liner of waterproofed asbestos 
felt covered with a continuous wrapping of creped-wool felt, a 
wrapping of asbestos paper over the wool felt, and a canvas 
jacket pasted over the asbestos paper. The asbestos paper is 
added to make the insulation match other insulation in appear- 
ance, wool felt itself being gray in color and darker than either 
asbestos or magnesia. The insulation is split longitudinally to 
permit application, the canvas jacket and outer layer of felt 
acting as a hinge. The sections are held in place by pasting down 
the canvas flap, the joints between the sections being covered 
with metal bands. This type of insulation is manufactured in 
sections 3 ft. long, in thicknesses of }4, % and 1 in. for all pipe 
sizes from in. to 5 in. 

l. A comparatively recent development is the use of crumpled 
aluminum foil for insulating pipes. This type of insulation has 
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a very low thermal conductivity, is unusually light in weight, 
and has a very Ion heat storage capacity The aluminum foil 
used is approximately 0 0003 in thick and is furnished in smooth 
rolls It is crumpled by hand before being wrapped around the 
pipe and is applied loosely enough that the air spaces between 
the sheets arc about % in thick Since the foil has no structural 
strength itself, it must be protected from crushing or injury by a 
covering of rigid material such as galvanized iron or pressed 
asbestos, ns shown in Fig 80 ISote the wire frames used to 
support the galvanized iron cov cr The aluminum foil will 



Fio 87 — Asbestos cement insulation for small fitt ngs ai d valves (Courtesy of 
iho John* Mannllt Co ) 

withstand considerable vibration and can be used for tempera 
turcs up to 1000°F 

61 Valves and Fittings on Hot Lines — Valves and fittings 
on hot lines in the smaller pipe 6izcs in or smaller) are 
usually insulated with hard finish asbestos cement as shown in 
Tig 87 Succe«stv e layers of cement, each approximately Y in 
thick, are applied until the total thickness is equal to that of 
the insulation on the adjacent piping Each layer is allowed to 
dry thoroughly before the next layer is applied the final layer 
being troweled to a smooth, hard finish 

On the larger pipe sizes (4 in or larger) the bodies of flanged 
tfttrflgs- and the entire surface of sirretraf fitting? are cvreied 
with block insulation as shown in Fig 88 The blocks are 
usually made of the same material as that used on the adjacent 
piping and are held in place by loops of soft iron wire They 
are appl ed to a thickness Y in less than that of the insulation 
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on the piping, and hard-fimsh asbestos cement is applied over 
them to make the total thickness of insulation equal to that on 
the piping. 



Fic 88 — Block insulation for large fittings and vah es ( Courtesy of the Johns - 

Manvitte Co ) 

Flanges may be insulated in either of two ways: If the insula- 
tion is to be permanent, blocks long enough to extend about 
2 in. over the adjacent pipe insulation aie wired around the 



Fig. 89.- — Permanent type of insulation for flanges {Courtesy of the Johns- 

Manville Co ) 

flange and are finished with a coating of asbestos cement, as 
shown in Fig. 89. If the insulation is to be removable and 
replaceable, either sectional or block insulation can be used to 
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construct a split cover If sectional insulation is used the half 
sections must be large enough to encircle the flange completely 
and long enough to extend about 2 in ov cr the pipe insulation 
as show n in Fig 90 The sections arc held in place with wire, 


pasted tarM 



Fio 00 — Removal and replaceable aert onal nsulat on for flanges (Courtesy of 
the John* Mann lie Co ) 

and the joint between the flange insulation and the pipe insula 
tion is sealed with asbestos cement A smooth even surface is 
obtained b> applj mg a thin coat of cement over the entire cover 
If the cover is made of blocks the blocks are wared to a frame 



Fio 01 — Removable and replaceable block inaulat on for flanges (Courttiy of 
the Johne Mannite Co ) 


made of ^ in square mesh galvanized wire cloth as shown 
in Fig 91 The mesh is split at the ends and bent down to 
inclose asbestos cement u«cd to fill the annular space between 
the blocks and the pipe insulation The cov er is wared in place 
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on the flange, and the entire surface is covered with a coat of 
asbestos cement. 

The insulation on valves and fittings located indoors is finished 
with a covering of canvas, cut and stretched to cover the entire 
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Fig 92 — Typical sections of cork insulation, (a) Full section of pipe covering. 
(6) Half section of pipe covering, (c) Screwed ell cover, (d) Screwed tee cover. 
{Courtesy of the Armstrong Cork Co.) 


surface and held in place by paste. If the insulation is exposed 
to the weather, it is finished by applying a M-in. coat of cement 
consisting of two parts asbestos fiber and one part Portland 
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cement This is covered in turn with a in coat of neither 
proof asphalt cement 

62 Pipe Covering for Cold Lines — a In order to be per 
manently effective, the insulation on all pipes colder than the 
surrounding atmosphere must be finished with a surface that is 
practically airtight Otherwise, the insulation mil eventually 
become completely water soaked by the moisture condensed out 
of the air filtering into the insulation This will not only destroy 
the effectiv encss of the insulation but on freezing may burst and 
damage it 

b Cork lasulation is manufactured from granules of pure 
cork compressed into molds under high pressure and baked The 
baking process liquefies the natural resin in the cork, which 



cements all the particles into a homogeneous mass The inside 
surface of the insulation is machined to form a snug fit on the 
pipe and the outside surface is fimsl cd with a heavy mastic 
coating Sections arc molded to fit practically all standard 
screwed and flanged fittings ns well as to fit straight pipe Some 
typical sections are shown in Fig 92 
The insulation is held in place bj loops of copper clad steel 
wire all the joints being coated with waterproof cement as the 
insulation is applied Screwed fittings are usually covered first 
The sections for covering these are machined to form a snug fit 
as shown in Fig 93 Straight pipes arc cov ered next the sec 
tions being cut long enough to be wedged slightly against the 
covers on the screwed fittings or against the bolt heads of the 
flanged fittings Tlangcd fittings are covered last The sec 
tions for covering these do not fit snugly on to the fitting but 
rest on the adjacent pipe insulation as shown in Fig 94 The 
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annular space between tlie fitting and the sectional covering -is 
filled with a mixture of melted paraffin and granulated cork. 
This mixture is poured through a hole bored through the sectional 
covering at the highest point and is allowed to solidify. On 
indoor lines the insulation is usually finished with a coat of 
asphalt paint; on outdoor lines it is covered with a layer of 
roofing paper. 

Cork insulation is made in three thicknesses known, respec- 
tively, as Special Thick Brine, Brine Thickness, and Ice Water 
Thickness. Special Thick Brine varies in thickness from 2.63 
to 4.00 in., depending upon the pipe size, and is intended for lines 



(a)-Flanged ell cover (b)- Flanged tee cover 

Fig. 94. — Cross section of cork covering for flanged fittings. ( Courtesy of the 
Arms(ronfl Cork Co.) 

carrying fluids at temperatures between 0 and -~35°F. For 
temperatures below — 35°F., the thickness of the insulation is 
increased by applying segmental blocks (lagging) over the sec- 
tional covering. Brine Thickness varies from 1.70 to 3.00 in. and 
is intended for temperatures between 0 and 35°F. Ice Water 
Thickness varies from 1.20 to 1.93 in. and is intended for 
temperatures above 35°F. All three thicknesses are made in sec- 
tions 3 ft. long to fit standard pipe sizes up to 8 in. The insula- 
tion is made in the form of segmental blocks for larger pipe sizes. 

c. Loose rock wool impregnated with a waterproof binder is 
molded into half sections and segmental blocks for covering 
straight pipe. The half sections are made with an integral 
waterproof jacket which acts as a hinge, as shown in Fig. 95. 
The sections are held in place by cementing down the flap noth 
waterproof cement and twisting several loops of wire around each 
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section The ends of the sections arc sealed against the infiltra- 
tion of air by a coating of waterproof cement, applied as the 
sections arc slipped into place, and by w rapping the joints with 
waterproof tape 

The sections arc made in 3 ft lengths in Heavy Bnne , Brine, 
and Ice Water thicknesses The Heavy Bnne thickness vanes 
from 282 to 4 00 in, depending upon the pipe size, and is 
intended for cohering pipes carrying fluids at temperatures 
between 0 and — 30°F It is made in half sections for pipe sizes 
up to 0 in and in segmental blocks for larger sizes For tern 



FlO 03 — Met! od of applj IHR mol led rock wool p pc co\ cr n K (Courlety of the 
John t \fannllt to) 


peraturcs below — 30°F the thickness of the insulation is 
increased by appljing segmental blocks o\cr the Heavy Bnne 
co\cnng Bnne thickness \ancs from 1 97 to 3 19 in and 
is intended for temperatures between 0 and 30°F It is made 
in half sections for pipe sizes up to 8 m and in segments for 
larger sizes Ice IT aler thickness \ anes from 14 to 2 0 in and 
is intended for temperatures abo\e 30°r It is made in half 
sections for pipe sizes up to 10 in and m segments for larger 
sizes 

Valves and fittings are insulated with loosely felted rock wool 
impregnated with asphalt This material is made in rolls 18 in 
wide with a nominal thickness of approximately in The 
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felt is applied by cutting a piece from the roll two or three times 
the circumference of the fitting, folding it double or triple 
according to the thickness desiied, and placing it around the 
fitting. It is secured in place with jute twine and sealed against 
the infiltration of moisture by a wrapping of wateipioof tape, 
as shown in Fig. 96. On the larger sizes a second and thiid 
layer of the felt are applied, each layer being sealed with tape. 


Fig 9G — Method of insulating \ahcs and fittings -with rock wool {Courtesy of 
the Johns-Mantnllc Co ) 

The insulation is finished with a coat of wateipioof cement 
troweled on over the tape. 

d. Hair felt is made from cattle hair, chemically cleaned and 
felted. It is made in rolls (see Fig. 97) 50 ft. long, in widths from 
3 to 9 ft., and in thicknesses from to 2 in. It is a generally 
useful material for low-temperature work. 

Hair felt can be used in place of either coik or rock wool for 
covering refrigerant lines by building up a suitable number of 
layers of the felt. The requiied length of felt for each layer is 
wrapped around the pipe and held in place by twine. Water- 
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proof tope is wrapped spirally around the felt and waterproof 
cement is applied m er the tape The insulation fim hed with 
a comas jacket sewed on o\er a layer of ro-m-sued sheathing 
paper This tvpe of covering requires considerable skill and 
care in its application and consequently is not commonly used. 

Water pipes are frcquentlj protected from freezing by a 
co\enng made of hair felt For =01 ere conditions a suitable 
number of la\crs of the felt («oc Sec 63) are bound on to the 
pipe with twine and are co\ crcd with a canvas or a weatherproof 
jacket Precaution, again, t the infiltration of air are not needed, 
«incc the pipe is warmer than the surrounding air, and therefore 



Fig 9" — Roll of hair felt Cmirt »> c/ Uonti-i f« ) 


condensation of mouturc in the insulation cannot take place 
If the pipes are evpo~ed onlj to moderateh low temperatures, 
or if the time that the urrounding air l below the freezing point 
is of short duration a cotenng designed especially for these 
conditions can be used This covering «hown m Fig 9S, 
consists of two thicknesses of hair felt protected on both the 
inside and outside faces by several layers of waterproofed wool 
felt. The sections are split longitudinally to permit application, 
the outer layer of wool felt acting as a hinge They are held in 
place *-y pasting down the flap on the cam as jacket and covering 
the joints with metal bands The sections are made in 3-ft 
lengths to fit all pipe sizes from in. up but m only one thick 
ness approximately equal to 1 *•£ in 
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Hair felt is also used for covering valves and fittings on lines 
insulated with either hair or wool felt. The felt is held in place 
with twine and is usually sealed against moisture either with a 
wrapping of waterproof tape and a coat of asphaltic paint 
or with a J-i-in. layer of asbestos cement. 

e. Wool felt is used in the construction of two types of insula- 
tion intended for covering cold-water pipes. The first type, 
described in Sec. 50b, is made of creped-wool felt. The second 



Fig. 9S. — Hair-felt insulation for protecting water pipes from freezing. (Courtesy 
of the Johns-ManrUlc Co.) 

type, shown in Fig. 99, is intended for more severe operating 
conditions and is made of flat-wool felt protected from moisture 
by layers of waterproofed felt. It is made in single-layer 
construction for thicknesses up to 54 in. and in double-layer 
construction for thicknesses up to 2 in. The sections are 3 ft. 
long and are made to fit standard pipe sizes up to 6 in. 

These two types of insulation serve not only to keep the water 
in the pipes cold but also to prevent condensation on the outside 
of the pipe. The prevention of condensation is of particular 
importance in industries where dripping from pipes might 
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interfere with the manufacturing process or might damage 
finished goods. The thickness of insulation required (see Sec. 
G4) depends upon the temperature and relative humidity of the 
air surrounding the pipe and upon the temperature of the water 
in the pipe, and it must be such that the temperature of the 
outside surface of the insulation is above the dew point of the air. 

£3. Block Insulation for High Temperatures. — a. Large sur- 
faces, both flat and cun ed, can be cohered with insulation in 



Fig 99 — Wool-felt insulation for covering eolJ-water pipes (Court tty of tX* 
Jotiu-Vaon.'lr Co ) 

the form of blocks These blocks arc made of the same material* 
that are used for making pipe co\ enng. Blocks made of 85^. 
Magnesia are the most commonly used and are suitable for 
temperatures up to 600°F. For temperatures up to 1900°F., 
blocks made of calcined dialomaccous silica and asbestos fiber are 
used. Both these kinds of blocks are made either flat or curved 
to any desired radius, in widths of 3, 6, or 12 by IS or 36 in. 
long, in thicknesses from 1 to 4 in. 

Blocks made of fa mi noted asbcslos felt can be u'ccl for applica- 
tions in\ ohing excessive vibration or rough u-age. They can 
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be used for tempeiatures up to 700°F and are made in widths 
from 6 to 36 by 36 in. long, m thicknesses from to 4 in. They 
are made flat but aie sufficiently flexible to peimit their being 
applied to curved surfaces. Blocks made of felted asbestos can 
also be used where the insulation is subjected to vibiation or to 
compression and strain. These blocks are 6 in vide by 36 in. 
long and from Y to 4 in thick. They can be used for tem- 
peratuies from 500 to 900°F , depending upon how well they are 
supported 


suCalMflL'Ai tr. V- j 

Pig 100. — S5 % Magnesia blocks wired to flue and reidj for final coat of asbestos 
cement ( Courtesy of the Johns-Manullc Co ) 

b. The usual method of applying block insulation is illustiated 
in Fig. 100. It consists in wiling the blocks on to the surface, 
stretching either hexagonal-mesh wire netting or expanded metal 
lath over the blocks, and applying one oi more layeis of asbestos 
cement over this The blocks may be held temporarily in place 
during erection by an adhesive cement (see Sec. 58). 

One method of wiring the blocks on to flat metal surfaces is 
shown in Fig. 101. Drilled angle clips are spot-welded to the 
metal surface, and the tie vires aie threaded thiough them If 
the blocks are to be applied to flat wooden surfaces, strips of 
v. ood the same thickness as the blocks are nailed to the wall, 
and the tie wires are stapled to these 



Fio 102 — Method of insulat ng drums and drum heads (Courtesy of tht Johnt 
VannUe Co ) 

of the vessels by loops of wire which pass completely around the 
insulation If the blocks are not to encircle the vessels com 
pietely, angle irons are welded along the sides of the vessels 
where the insulation is to terminate and the tic wires are fastened 
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Fig. 103. — Method of insulating vertical tanks and towers. {Courtesy of the 
J oh ns-Ma n ville Co.) 



on vertical tanks and towers is supported at intervals of not 
more than 15 ft. by horizontal band-iron rings bolted on to angle 
clips, as shown in Fig. 103. These rings permit the inclusion of 
expansioii joints and also serve as anchors for the tie wires. 

In place of tie wires and wire netting, insulating blocks can be 
supported by some sort of rigid casing. Figure 104 illustrates 
this method of support applied to the insulation of a steam-boiler 
waterwall. Insulating cement is first applied to a thickness just 
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sufficient to provide a flat surface, and the blocks are held m 
place on this surface bj the casing In other applications the 
shell is erected first, and the insulation is built up inside it 
In special cases where the temperatures do not exceed 500°F 
and where the application of tic wires or other means of support 
is impractical, insulating blocks mnj be held in place by adhesue 
cement alone 



Front Elevolton 

Fio 104 Insulating blofWa «upport<-d by o ri(t d caa ng (Courtesy of the Johnt- 
MannlU Co ) 

64 Block Insulation for Low Temperatures — a I irgc *ur 
faces subjected to temperatures below atmospheric can be coiered 
with blocks made cither of cork or of rock wool impregnated with 
a waterproof binder These blocks are manufactured bj the 
same processes used in making the corresponding t> pcs of *ec 
tional pipe covering (Secs 52b and 52c) Flat surfaces are 
covered with relatnclj wide blocks and cjhndncal surfaces are 
covered with narrow blocks commonly known as lags These 
lags have bev cled edges to permit them to fit snugly Flat disks 
are made for co\ enng the ends of tanks 
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Cork blocks for covering flat surfaces are made in widths from 
12 to 36 in., in 36-in. lengths, and in thicknesses from 1 to 6 in. 
For ordinary service they are made without any special coating, 
but for exceptionally severe conditions they are made with an 
asphalt mastic coating ironed on under pressure. Cork lags are 
made 36 in. long, from 134 to 6 in. thick, and are coated on both 
sides with a mastic finish. Disks are made from 1J4 to 6 in. 
thick and any diameter desired. Rock-wool blocks are made 



Fig. 105. — Showing the application of three layers of cork blocks to the walls and 
floor of an ice cream hardening room. {Courtesy of the Armstrong Cork Co.) 


18 in. wide by 36 in. long and from 1 to 4 in. thick. Rock-wool 
lags are made 18 in. long, from 134 to 4 in. thick, and from 2 to 5 
in. wide, the width depending upon the diameter of the cylin- 
drical surface to be covered. Disks are made from 134 to 4 in. 
thick. 

b. The blocks may be fastened to brick, stone, or concrete 
walls by setting them in either Portland-cement plaster or hot 
asphalt. Asphalt has the advantage of being waterproof but 
cannot be used on rough walls unless a leveling coat of Portland- 
cement plaster is first applied. The blocks are usually held in 
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place on floors and roofs by means of a mopping of hot asphalt 
They are fastened to frame structures and other wooden surfaces 
by nailing and they are fastened to flat metal surfaces such as 
rectangular ducts, by means of either hot asphalt or waterproof 
cement If two or more thicknesses of blocks are to be applied 
to an) surface, each additional layer can be fastened to the 
preceding one by means of hot asphalt reinforced with wood 
skewers As shown in Fig 105, the Micccssne layers of blocks 
arc staggered, so that the joints between the blocks in anj one 
layer are coicrcd by the blocks m the adjacent layers 



FlO 100 — Method of appl) ok cork la«j ng to c>l n Ir cal tanka. {Cmrirty of 
(he 1 rmtlrong Cork ( o ) 

Figure 10G illustrates the method used in applying cork lagging 
to cylindrical tanks The edges of the lags are coated with 
waterproof cement as they are applied a rope and spring being 
used to hold them in place during erection The lags are clamped 
permanently in place by No 16-gauge gah anized iron bands 
1 yi in wade, spaced approximately 12 in apart The ends of 
the tanks are cohered with disks and the spaces between the 
disks and the tank, are fitted with a mixture of granulated cork 
and paraffin Rock wool lagging is applied in a similar manner 
except that either loose or granulated rock wool is u«ed to fill 
the irregular spaces at the ends of the tank Horizontal tanks 
should preferably be supported on saddles outside the insulation 



Fig 107. — Cork insulation on two brine coolers and the connected piping 
(i Courtesy of the Armstrong Cork Co ) 


55. Sheets. — Sheet insulation is made in a variety of forms. 
The simplest is asbestos -paper , which is made either plain or 
corrugated. Asbestos paper is used for insulating furnace pipes, 
for protecting inflammable surfaces from heat, and as a fire 
retarder. Asbestos millboard is also used as a protection against 
fire, heat, or acid fumes and is frequently used as a fireproof 
lining for floors and partitions It is made in sheets 42 by 48 in. 
and in thicknesses from ^32 to % in. Various grades are made, 



190 APPLIED HEAT TRANSMISSION 

some suitable for temperatures as high as 1800°F , though the 
most commonly u«cd grade is not generally recommended for 
temperatures above 400°r 

Another tj pc of sheet insulation, similar to but less dense 
than asbestos millboard, is made from felted asbestos fiber formed 
into sheets 24 b> 30 in in size and from Y to 4 in thick This 
material ls particular!} suitable for u«e w here the insulation is 
subject to v lbmtion or to strain due to expansion and contrac- 
tion, such as in boiler-tube doors It can be used for tempera- 
tures from 500 to 900°F , depending upon how w ell it is supported 



Fia 10S — Corrugated asbestos sheets protected by a refractory coating (Court 
*>U »f the John $ Mannllt Co ) 


An inexpensive tjpc of sheet insulation suitable for tem- 
peratures up to 300T , is made from alternate la} ers of plain 
and corrugated asbestos ■paper cemented together at the points 
of contact These sheets arc used for co\ enng low pressure 
boilers, dr> rooms warm air ducts and other surfaces whose 
temperatures are not extreme The sheets are made in widths 
from 6 to 30 in , m 30- and 72-in lengths, and in thicknesses 
from Y to 4 in These sheets arc also made with a protective 
refractor} coating on the outside surface as shown in Fig 108 
This coating allow s them to withstand temperatures up to 500°F 
and makes them suitable for building drjtng ovens, japanning 
ovens, and other similar heated mclosurcs If the sheets are 
vitrified throughout, they can be u«ed at temperatures up to 
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700°F. This type of sheet is made both flat and curved, as 
shown in Fig. 109, and is used for lining steel stacks and flues. 



Fig 109.* — Corrugated asbestos sheets vitrified throughout 0 Courtesy of the 
Johns- Manville Co.) 


A sheet insulation intended particularly for use in railroad 
passenger cars is made of one or more plies of hair felt approxi- 
mately in. thick. The individual plies are faced with kraft 


paper and are stitched together on approxi- 
mately 5-in. centers. The assembled sheet 
consists of the desired number of plies inclosed 
in a layer of asbestos paper and a layer of 
muslin gauze and held together by stitching 
between the stitching on the individual plies. 
This type of insulation is made in widths 
from 36 to 54 in., in thicknesses from one 
to four plies, and in approximately 100-ft. 
lengths. 

Sheet insulation for use in refrigerator cars 
is also made from hair felt, but waterproof 
paper is used in place of the kraft paper, and 
the insulation consists of a single ply. It is 
made in any width up to 108 in., in thick- 
nesses from K to 2 in., and in practically any 
length desired. 



Fig. 110. — Sec- 
tional view of an 
aluminum-f o 1 1 
panel ( Courtesy of 
the Alfol Insulation 
Co) 


Sheets of aluminum foil are used both as high- and as low- 


temperature insulation. The foil, approximately 0 0003 in. 


thick, is furnished in smooth rolls and is crumpled by hand before 
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being applied The low thermal conductn it> of this insulation 
is due largely to the air space® between the sheets the optimum 
thickness of air space being about 3 g in Smce the foil has no 
structural strength it®clf it mast be protected from mjurj by a 
suitable jacket When u«ed as low temperature insulation it 
must m addition be protected from the infiltration of air 
or moisture A thin coat of lacquer is sometimes applied to the 
fod to protect it from corro ion Outstanding features of this 



FiO 111 — Ml mrltl alum nun fo 1 panels (Courtrtu of Ihr \lfol Inmlation Co ) 

insulation are its extremeh light weight (approximated 3 oz 
per cu ft ) and its low heatnstorage capnctt\ 

Panels made of sheet® of smooth aluminum foil separated bj 
asbestos strips illustrated in Fig 110 are u ed for a number of 
purposes \U metal panel® dlu t rated in Fig 111 consist of 
an outer «hect metal jacket an expanded metal fath basket 
welded to this jacket and a filling of crumpled aluminum foil 
sheets These panels are suitable for cm ermg tanks frac- 
tionating towers and other large flat or cun ed surfaces Thej 
maj be used for temperatures up to 1000°F 
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Fig. 112.- — Glass-wool insulating blankets, (a) Metal facing on one side only. 
(6) Facing of hexagonal-mesh wire netting, (c) Expanded metal-lath facing, 
(d) Rib-lath facing. {Courtesy of the Owens-Coming Fiberglas Corp.) 
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56 Blankets — Large flat or cun ed surfaces such as thooe 
on o\ ens oil refiner} equipment boilers breachings, and hot air 
ducts are frequenth cohered with insulating blankets The 
size of these blankets is more than fn e times the size practical 
for pieces of molded insulation, so fewer joints are required and 
faster application is possible In addition the edges of the 
blankets knit together so that there arc no loo c joints 

Insulating blankets maa consist of felted rod xcool or glass 
uool secured between \anous fabrics as «hown in Fig 112 



FiQ 113 — Asbestos blankets used for the remo\ able port ons of turb ne insula 
ton I.CovrU»]i of Ihc Johni-WanrxlU Co) 


The most commonly u«cd fabrics are gah anized ware netting 
expanded metal lath and rib lath Blankets with a metal facing 
on one side only are used on surfaces basing irregularities such 
as met heads bolts or laps Gah anized wire netting is u«ed 
as a facing where considerable flexibility is required for bending 
or fitting to irregular shapes Lxpandcd metal lath is somewhat 
more rigid than wire netting and offers an excellent base for 
insulating or finishing cement Rib lath is used w here maximum 
rigidity is required and is a\ ail able with the ribs turned either 
in or out Turning the nbs out provides an air space between 
the insulation and the hot surface an advantage utilized in 
insulating steel breech ng shells The same tvpe of facing is 
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not always used on both sides of the blankets, various combina- 
tions of facings being available. These blankets are used for 
temperatures up to 1000°F. and are made in standard sizes of 
2 by 4 ft. and 2 by 8 ft., in thicknesses from 1 to 6 in. 

Insulating blankets are also available with muslin, canvas, 
asbestos-paper, or kraft-paper facings. Muslin or canvas facings 
are used on blankets for insulating busses and railroad cars. 
Kraft-paper facings are used on blankets for insulating equip- 
ment exposed to excessive moisture, such as refrigerator cars. 
These types of blankets are available in any length, in widths up 
to 10 ft., and in thicknesses up to 4 in. 

Another type of blanket used where readily removable insula- 
tion is desired consists of a quilted asbestos-cloth envelope filled 
with loose asbestos fiber and tufted with copper wire. These 
blankets are used for temperatures up to 900°F. on irregular 
surfaces, such as steam-turbine casings, paper-digester shells, 
or valve bonnets. Figure 113 illustrates the use of such blankets 
for the removable portions of the insulation on a steam turbine. 

57. Fillers. — Insulating fillers are of two types: those in powder 
or granular form which can be poured and those in the form of 
loose fibers which must be packed into place by hand. Either 
of these types is adapted for use where structural strength and 
rigidity are not required of the insulation or where lack of space 
prohibits the use of any solid form of insulation. 

Natural diatomaceous silica in powdered form can be poured 
readily and will withstand temperatures up to 1600°F. It is 
particularly suitable for use between refractory linings and steel, 
concrete, or brick shells. It is also used for covering the tops 
of heated equipment such as ovens, furnaces, or kilns. In such 
applications it is usually tamped lightly into place to prevent 
subsequent settling, the tamping being facilitated by moistening 
the powder. To prevent dusting, a lime or cement slurry is used 
to form a top crust. Powdered diatomaceous silica is also 
calcined for use at temperatures up to 2000°F. 

Loose rock wool or glass wool may be used where the insula- 
tion can be packed into place. A high density of packing to 
prevent settling from vibration is not necessary because of the 
natural resilience of these materials. Rock and glass wool are 
also made in granulated form for use where the insulation must 
be poured into place. Both the loose and the granulated forms 
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have an advantage o\cr powders in that they arc free from dust 
ing and do not sift through cracks They can be used for tem- 
peratures up to 1000°F 

Other fillers that are used for high-temporature work are loose 
asbestos fiber, mixtures of powdered diatomaccous silica and 
asbestos fiber, and expanded \crmiculitc Tor low temperature 
applications, ground cork, loose rock wool impregnated with 
asphalt, and granulated rock wool treated with a bituminous 
binder are used 

68 Cements — Insulating cements arc generally used for 
filling cracks and finishing surfaces that arc coi cred with molded 
insulation or for co\cnng small irregular surfaces Certain 
types can be used, howcier, for the construction of a monolithic 
insulation when the shape or inaccessibility of the cqutpment 
makes the u*c of sheets or blocks impractical The \anous 
cements all consist of some insulating material u«ed as a base and 
mixed with a suitable binder These cements arc furnished 
dry and must be mixed with water 

85% Magnesia cement is the same material u«ed in making 
molded 85% Magnesia insulation, except that it is in powdered 
form It is a better insulator than other cements but is not 
ordinarily recommended cither as a finishing cement or for 
insulating largo areas It can be used for temperatures up to 
COOT 

Asbestos cements consist of asbestos fiber mixed with a binding 
material Se\ cral grades arc available Those which produce a 
smooth, hard surface arc used principally as a finish o\cr sheet 
or block insulation Those which are more porous are u«ed for 
scaling joinls and for insulating irregular surfaces, such as \ alves, 
flanges, and other pipe fittings These cements can be used for 
temperatures up to 1000°F 

Rock or glass wool forms the base for a cement that is fre- 
quently used in place of sheets or blocks to construct a mono- 
lithic insulation, as shown in Fig 114 If the temperature does 
not exceed 1200°F , this insulation can be remov ed, remixed with 
water, and reapplied If reapphcation is not essential, it can 
be used up to 1500°F A reasonably smooth finish can be 
obtained by trow cling 

Expanded vermicuhte is the base for another cement that can 
be used to construct monolithic insulations This cement is 
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not quite so good an insulator as the rock- or glass-wool cements, 
but it can be used at higher temperatures. It can be taken off, 
remixed, and reapplied if the temperature does not exceed 1500°F. 
If this is not essential, it can be used up to 1800°F. 

Powdered diatomaceous silica mixed with asbestos fiber is 
the base for a cement used to point up and fill cracks on the 
corresponding type of molded insulation. This cement is not 



Fig. 114. — Showing the application of rock-wool insulating cement to form a 
monolithic covering. ( Courtesy of the Eagle-Picker Co.) 

generally used for hard finishing or for insulating large areas. 
It can be used up to 1600°F., or, if the diatomaceous silica has 
been calcined, up to 1900°F. 

Weatherproof cements made of asbestos fibers and asphalt 
are used for protecting the insulation on outdoor equipment. 
These cements are supplied in plastic form and can be used at 
temperatures up to 400°F. They are usually applied in a single 
coat in. thick over a coat of insulating cement. 
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Adhcsnc cements for tcmponnlj holding sheet, block or 
brick insulation m place until the outer binding support is 
applied are also made I\ here the temperatures do not exceed 
500T and where wire reinforcement is impractical, the«e 
cements maj be used for permanently bonding the blocks to the 
mital surface or to each other 

E9 Insulating Concrete — Coarsely ground calcined diatoma 
ccous silica is used both as an insulating filler, as described in 
See 57, and ns an ingredient in making insulating concrete 
Four parts of the dntomaeeous silica arc mixed with one part of 
Portland cement bj \olume and enough water is added to form a 
plastic moss The resulting concrete can be cast into any 
desired shape or it can be applied to steel surfaces bj means of a 
cement gun It has a thermal conducts it> less than onc-third 
that of fire-claj brick and can be exposed directly to temperaturts 
ns high ns 1800°I It ran be used for the construction of 
enameling o\cns furnace doors elampers baffles and other 
he ateel equipment subjected to comparatu ely low temperatures 

60 Insulating Bnck —Insulating bnchs can bo used m the 
construction of high temperature equipment such as heat treating 
furnaces boiler settings soaking pits and kilns Two Upos 
are a\ ‘triable one used pureh as an insulator and requinng the 
protection of a fircbnrk facing and the other used as a com 
bination insulator anil refracton The latter type can be used 
to replace firebrick in furnaces where the walls are not subjected 
to sing action or mechanical abrasion This construction 
permits the use of thinner walls with lower heat storage capacities 
and tin rein decreases both the time required for heating up and 
the heat lost in cooling down the furnaces A ty pical installation 
using the first typo of bnck in shown in Fig 4 in Chap I 

\anous materials arc used to make insulating bricks One 
kind of bnck is cut from natural dntomaeeous silica Another 
kind is made from ground dntomaeeous silica pressed into bncks 
and calcined Other kinds consist of refractor} clay as a base, 
with \ arious fibrous or cellular matcnals added to reduce the 
thermal conductivity Insulating bricks are available «t 
standard firebrick sizes and shapes 

61 Method of Calculating Heat Loss through Insulation — 
The rate of heat Ions through insulation on flat surfaces can be 
calculated b} the equation 
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_ kA (t, - Q 
q L+ ( k/h ,)’ 


(59) 


where q = the rate of heat loss, B.t.u. per hr. 

k = the thermal conductivity of the insulation at its 
average temperature (approximately the average of 
l s and t a ), B.t.u./ (ft.) (hr.) (°F.) . 

A = the area of the surface that is covered with insulation, 
sq. ft. 

t B — the temperature of the surface that is covered with 
insulation, °F. 

t a = the temperature of the air surrounding the insulation, 
°F. 

L — the thickness of the insulation, ft. 

/if = the “combined coefficient” for convection and radia- 
tion from the surface of the insulation (see Table 59), 
B.t.u. /(sq. ft.)(hr.)(°F.). 

Although the combined coefficient h t depends upon the tempera- 
ture of the surface of the insulation, sufficiently accurate values 
for practical purposes can usually be obtained if h t is evaluated at 
any reasonable, assumed surface temperature. If more accurate 
values are required, the ex-act surface temperature can be calcu- 
lated by a trial-and-error solution, as shown in the following 
problem: 


Illustrative Problem 1.— A flat, vertical surface at a temperature of 
500°F. is covered with 2 in. of 85% Magnesia. Calculate the exact rate of 
heat loss per square foot of surface if the surrounding air temperature is 
70°F. 

Solution . — As a first approximation, assume the surface temperature of 
the insulation to be 100°F. Based on this assumption, the average temper- 
ature of the insulation is 300°F.; the thermal conductivity of 85% Magnesia 
at this average temperature is 0.043 B.t.u./(ft.)(hr.)(°F.); and the com- 
bined coefficient hi, from Table 59, is 1.6S B.t.u. /(sq. ft.)(hr.)(°F.). Hence, 
by Eq. (59), 

0.043 X 1 X (500 - 70) 

9 (Hz) + (0.043/1.68) 

= 96.1 B.t.u./(sq. ft.) (hr.). 

If greater accuracy is desired, a more accurate value of the temperature U' 
of the surface of the insulation can be calculated by the equation 


q = h,A(t,' — t a ). 


Thus, 


96.1 = 1.68 X 1 X (f.' - 70), 
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If the calculations arc repeated using this surface temperature, q — 97 5 
II t U /(«q ft )(hr ) is obtained 


Table 59 — Counts ED Coefficient h , for Connection and Radiation 
FROM tlAT OR CYLINDRICAL SCRFACES IN A ROOU AT 70°F 
The following talite is ralculated b\ the equation 
A, - h + 

n here Ai— the ' combined coefficient” for convection and radiation, 
Btu/(sq ft >(hr )(*F ) 

h — the film coefficient of eonaection (obtained from Case 12 14 or 
IS in Chap I\ ) Btu/(aq ft)(hr)(*F) 
t — the enu<si\ it a of the surface of the insulation (assumed — 0 90) 
K “ the radiation coefficient [calculated l>a I q (21) in Chap IIJ, 
11 1 u («q ft >(hr )(*I ) 



| Temperature of surface 

Type of surface 

100*1 

1 150*F 

200 ’F 

j 2o0*F ' 

300T 


hi 

Btu 

(*1 ft )(hr )(*F ) 

Flat »ur/<iers 






\ertical 

1 6S 

2 07 

2 3S 

2 67 j 

2 9o 

Horizontal facing upward 

i sc 

2 32 

2 06 

2 9S 

3 2S 

llonrontal facing downward 

1 -to | 

1 77 

2 03 . 

2 29 

2 51 

Cy/indrimf turfaert 






\ ertical 

l 6$ | 

2 07 

2 3S 

2 67 

2 9.) 

llomontal 2 in o tl 

1 OS 

2 40 ' 

2 73 

3 03 

3 32 

Homontal 4 in o d 

1 82 

2 20 ! 

2 5! 

2 79 

3 06 

Horizontal 6 in oil 

1 To 

2 10 | 

2 40 

2 66 

2 93 

Horizontal Sin od 

1 C9 

2 03 , 

2 32 

2 5S 

2 S5 

Horizontal 10 in o d 

1 66 

1 00 : 

2 27 

2 53 

2 79 

Homontal 12 in od 

1 63 

1 Oo | 

2 23 

2 4S 

2 74 


The rate of heat loss through inbuilt ion on pipes or other 
cylindrical surfaces can be calculated by the equation 


o = k2rl(t. O (go] 

where ri ■= the inside radius of the insulation ft 

r* = the outside radius of the insulation ft , 
l = the length of the pipe, ft 

and the other «\ mbols ha\ e the same meanings as for Eq (59) 
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An approximate value for the rate of heat loss through insula- 
tion can be calculated by Eq. (3) or (4) in Chap. I if the tem- 
perature of the outside surface of the insulation is assumed to 
be the same as the temperature of the surrounding air. This 
procedure may introduce a considerable error if the thickness 
of the insulation is small or the temperature difference ( t , — l a ) is 
large. 

Illustrative Problem 2. — A horizontal 3-in. nominal-diameter pipe is 
covered with 1 in. of corrugated asbestos insulation (four ply per in.). If 
the temperature of the pipe is 300^. and that of the surrounding air is 70“F., 
calculate the heat loss from the pipe per foot of length. 

Solution. — The actual outside diameter of the pipe is 3.500 in.; so the 
outside diameter of the insulation is 5.5 in. Assuming that the surface 
temperature of the insulation is 125°F., the average temperature of the 
insulation is 213°F.; the thermal conductivity is 0.060 B.t.u./(ft.)(hr.)(°F.); 
and the combined coefficient hi, from Table 59, is 1.95 B.t.u./(sq. ft.)(hr.) 
(°F.). Hence, by Eq. (60), 

_ 0.060 X 2 X 3.14 X 1 X (300 - 70) 

9 2.3 log io (2.75/1.75) + (0.060 X 12)/(1.95 X 2.75) 

= 148 B.t.u./(hr.)(ft. of length). 

Approximate Solution. — If the surface temperature of the insulation is 
assumed to be the same as the temperature of the surrounding air, the heat 
loss can be calculated by Eq. (4) in Chap. I: 

0.060 X 2 X 3.14 XIX (300 - 70) 

9 2.3 logic (2.75/1.75) 

= 192 B.t.u./(hr.)(ft. of length). 

This value is approximately 30 per cent too high. 

Equation (59) can be derived as follows: Letting t/ denote the 
temperature of the outside surface of the insulation, the rate 
of heat transfer through the insulation by conduction [Eq. (3) 
in Chap. I] is 

kA(l, - t,') 
q = ' 1 

Assuming steady flow conditions, this rate is equal to the rate 
at which heat is lost from the surface of the insulation by con- 
vection [Eq. (23) in Chap. Ill] and by radiation [Eq. (10) in 
Chap. II]: 

q = hA{t; - O + h.AUJ - Oe. 
or 

q = h t A{W — t a ). 
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Equation (59) is obtained by eliminating t/ from these equations 
Equation (GO) can be domed from Eqs (4), (10), and (23) in a 
similar manner 

62. Most Economical Thickness of Insulation. — As the thick- 
ness of insulation on anj surface is increased, the rate of heat 
loss from the surface is decreased, but the cost of the insulation 
is increased The most economical thiehnc-s of insulation is 



that for which the sum of the jeirlj cost of the heat loss plus 
the jearl} cost of the insulation is a minimum The method 
of calculation is illustrated in the following problem 

Illustrative Problem 3 — V 3-in nominal diameter steam pipe is to be 
covered with 85 ^ Magnesia Determine the most economical thickness of 
insulation under the following conditions 


Temperature of the pipe — 400°F 

Temperature of the surrounding air ** 
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Time of operation per year 

Cost of the heat lost 

Cost of the insulation (applied) : 

1- in. thickness 
lJ-^-in. thickness 

2- in. thickness 

3- in. thickness 


= 8 months 
= 5,760 hr. 

= S0.30 per 10« B.t.u. 

= S0.53 per ft. 

= S0.86 per ft. 

= SI. 25 per ft. 

= S2.13 per ft. 


Fraction of the cost of the insulation to be amortized each year = 0.15. 

Solution . — The heat loss per hour per foot of length can be calculated for 
each thickness of insulation by Eq. (60). The yearly cost of the heat loss is 
equal to the product of this heat loss per hour times the hours of operation 
per year times the cost of the heat per B.t.u. The yearly cost of the insula- 
tion is equal to the product of the cost of the insulation (applied) times the 
fraction of this cost to be amortized each year. The results obtained from 
these calculations are shown in Fig. 115. For the data given, it would be 
most economical to cover the pipe with lJ-£ in. of insulation. 


If the cost of the insulation per cubic foot is approximately 
constant for the different thicknesses, the most economical 
thickness can be calculated by the following equations developed 
by Patton: 1 

For flat surfaces, 


L 0 = 12 



nc'k{t, — l a ) 
fc ■ 10 6 



(61) 


where Lo = the most economical thickness of insulation, in. 

n = the time that the equipment operates, hr. per year, 
c = the cost of the insulation (applied), dollars per cu. ft. 
c' = the cost of the heat lost, dollars per million B.t.u. 
/ = the fraction of the cost of the insulation to be 
amortized each year. 

k = the thermal conductivity of the insulation, B.t.u./ 
(ft.) (hr.) (°F.). 

lit = the "combined coefficient” for convection and radia- 
tion from the surface of the insulation (see Table 
59), B.t.u./(sq. ft.)(hr.)(°F.) 
is — the temperature of the surface to be insulated, °F. 
t a = the temperature of the air surrounding the insula- 
tion, °F. 

For cylindrical surfaces, the most economical ratio of outside to 
inside radius of insulation (rz/rOo can be determined from Table 
1 Heating , Piping, and Air Conditioning, vol. 4, p. 6, 1932. 
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00 after the quantity A'i ha.*! been calculated b\ the equation 


where rt =* the inside ndius of the insulation, in 
rj = the outside radius of the insulation, in 
and the other «jmboU lia\c the same meanings as for Eq (61) 


Table 60 — Mo«r Fconomical Ratio or Outside to Inside Radius or 

ISSCLATTON 

K ■ calculated bv Eq (62) 


0 00 
0 02 
0 Ot 
0 06 
0 OS 
0 10 
0 12 
0 14 
0 1C 
0 IS 
0 20 
0 22 


GO. 


GO. 


1 000 
1 21S 
1 407 
\ 57S 
1 737 


0 21 | 2 790 
0 2G 2 916 
0 2S 3 031 
0 30 3 144 


1 SSS 

2 032 
2 170 
2 303 
2 431 
2 odG 
2 079 


0 40 
0 o0 
0 GO 
0 70 
0 SO 

0 QO 

1 00 


3 6S 

4 19 

4 67 

5 13 

5 5S 

6 02 
6 4a 


IllustntiTe Problem 4 — l «inp the data pi\ en in Problem 3 determine the 
most economical thickness of insulation bi means of Lq (62) and Table 60 
Solution —The actual outside diameter of a 3-in pipe is 3 oOO in , so the 
inside radius of the insulation is I 7o in The a\ crape cost per cubic foot 
of the four thicknesses of insulation piacn in Problem 3 u approximately 
So 20 Vssuming that the surface temperature of the insulation will be 
about 12o°F the average thermal conducts it\ of the insulation will be 
0 042 Bt u /(ft )(hr )(°F ) and the combined coefTcient A from Table o9, 
will be approximately 1 90 B t u ( q ft )(hr 1 (°F ) Hence by Eq (62), 

l r. o760 X 0 30 X 0 042 X (400 - 70) 0 042] 

1 75 L ' 0 15 X 520 X 10* 1 90 J 

- 0 0875 

Therefore, from Table CO, the most economical ratio of outside to made 
radius of insulation is 
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and 


r- = 1.75 X 1.794 
= 3.14 in. 


Finally, the most economical thickness of insulation is 3.14 — 1.75 = 1.39 in. 
Patton showed that, approximately, 



Table 60 was calculated from this equation. 

63. Thickness of Insulation Required to Prevent Freezing. — 
The thickness of insulation required to prevent water freezing in 
pipes can be calculated by the equation 


( 63 ) 

where r t = the inside radius of the insulation, in. 
r-_ = the outside radius of the insulation, in. 
k = the thermal conductivity of the insulation, B.t.u./ 
(ft.)(hr.)(°F.). 

I = the length of the pipe, ft. 

= the temperature of the water entering the pipe, °F. 
t a = the temperature of the air surrounding the pipe, °F. 
G = the rate at which the water flows, lb. per hr. 


Illustrative Problem 5. — A 1)X in. water pipe is to be protected from 
freezing by a covering of hair felt. The water enters the pipe at 50°F., and 
the surrounding air is at — 10°F. Calculate the thickness of insulation 
required if the water flows at a minimum rate of 5 gal. per hr. 

Solution. — The actual outside diameter of a 1 J-4-in. pipe is 1.900 in.; so 
the inside radius of the insulation is 0.95 in. The thermal conductivity of 
hair felt is 0.022 B.t.u. /(ft.) (hr.) (°F.), and the weight rate of flow of the 
water is 5 X 8.35 = 41.8 lb. per hr. By Eq. (63), 


r- 


„ _ T2.73 X 0.022 X 100 X (50 + 10) H 

0.95 antilog,, [ (50 - 32) J 

2.86 in. 


Hence, the insulation must be at least 2.86 — 0.95 — 1.91 in. thick. 

If there is no flow of water through the pipe and the sur- 
rounding air temperature t a remains below 32°F. indefinitely, 
freezing cannot be prevented regardless of the thickness of 
insulation used. The time required for water initially at 
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temperature t* to be cooled to 32°E when there is no circulation 
can be calculated by the equation 

^(^)(r + H !5£ 4^' <M 

where 0 — the time required for the water to cool to 32°F , hr 
V — the length of pipe containing 1 cu ft of water (see 
Table Mm the Appendix), ft 
w ** the weight of the pipe («cc Table Mm the Appendix), 
lb per ft of length 

“ the initial temperature of the water, °F , 
and the other symbols June the same meanings as for Eq (63) 

Illustrative Problem 6 — A in wrought iron water pipe is co\ered 
with 2 m of hair felt If the surrounding mr temperatur* is — 10“F , caleu 
late the time required for water standing in the pipe to cool from an initial 
temperature of 50T to a tempenture of 32*F 

Solution — The actual outside diameter of l in pipe is 1 900 in , so the 
inside radius of the insulation is 0 Oo in and the outside radius is 2 93 in 
One foot of the pipe weighs 2 717 lb and 70 7 ft contains 1 cu ft of water 
The thermal conduct l\ it \ of hair felt is 0 022 II t u /(ft ) (hr )(®F ) Hence 
the time 8 required for the water to cool to the f reeling point is bj Eq (64) 

, _ 23 +OW X2 717^ h^RtiJ^Ou/OOo) 

0 Uo + 10A707 + olH x ■ J717 y 0022 

- 2 91 hr 

Equation (03) can bo dented b\ equating the rate at which the 
water gn es up heat in cooling from lo 32°F to the rate at which 
heat is transferred b\ conduction through the insulation In 
determining the latter the surfnee temperature of the insulation 
is assumed to be equal to f. and the change in temperature of 
the water is neglected Each of these assumptions results in 
an increased, and therefore more consenatnc, \aluc for rj 

Equation (G4) can be dom ed b\ di\ iding the amount of heat 
giv cn up bj the w ater and bv the metal pipe in cooling from 4- to 
32°F bj the rate at which heat is transferred by conduction 
through the msafntron the same asstnnpfrons fcerrrg* sssda as far 
Eq (63) 

64 Thickness of Insulation Required to Prevent Sweating 
The ratio of outside to inside radius of insulation ( rj/fi ) required 
to preaent sweating on pipes can be determined from Table G1 
after the quantity Kt has been calculated b> the equation 
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where ri = the inside radius of the insulation, in. 

r 2 = the outside radius of the insulation, in. 

k — the thermal conductivity of the insulation, B.t.u / 
(ft.) (hr )(°F ). 

t„ = the dry-bulb temperature of the air surrounding the 
insulation, °F. 

U — the dew-point temperature of the air surrounding the 
insulation, °F. 

t u - = the temperature of the fluid inside the pipe, °F. 


Table 61 • — Ratio of Outside to Inside Radius of Insulation Requiiild 
to Prevent Sweating on Pipes 
Iy 2 calculated by Eq. (65) 


K t 

GO 

K, 

GO 

0 00 

1 

000 

1 20 

2 741 

0 10 

1 

210 

1 30 

2 854 

0 20 

1 

393 

1 40 

2 965 

0 30 

1 

559 

1 50 

3.075 

0 40 

1 

713 



0 50 

1 

858 


3 60 

0 00 

1 

997 

2 50 

4 09 

0 70 

2 

130 


4 56 

0 80 

2 

259 

3 50 

5 01 

0 90 

2 3S4 


5 44 

1 00 

2 

506 

4 50 

5 80 

1 10 

2 

625 

5 00 

6 27 


Illustrative Problem 7. — A 2-in. pipe carrying water at 50'T is to be 
covered with sufficient wool felt to prevent sweating Calculate the thick- 
ness of insulation required if the temperature of the surrounding air is 90°r. 
and the relative humidity is 70 per cent. 

Solution . — The actual outside diameter of a 2-in pipe is 2 375 in.; so the 
inside radius of the insulation will be 1.188 m The dew-point tempera- 
ture corresponding to a dry-bulb temperature of 90°F. and a relative 
humidity of 70 per cent is 79°F. (determined from am- psvchromctne ehaM,). 
The average temperature of the insulation will be 65°r , and its thermal 
conductivity at this temperature will be 0 024 Btu /(ft.)(hr.)(°r.). By 
Eq. (65), 

S X 0 024 /79 - 50\ 

1.188 \90 - 70/ 

= 0 420. 


K 
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Therefore from Table 01, the ratio of the outside to the inside radius of the 
insulation must be 


r» 

ri 


- 1 751, 


r, - 1 751 X 1 188 

- 2 08 in 

Hence, the thickness of the insulation must be at least 
2 08 - 1 188 - 0 89 in 


Equation (G5) can bo derived as follows The minimum thick- 
ness of insulation required to prevent sweating is that thickness 
lot which the surface temperature is exactlj equal to the dew- 
point temperature of the surrounding air This thickness can 
be found bj equating the rate of heat transfer through the insula- 
tion bj conduction to the rate of heat transfer from the surface 
of the insulation to the surrounding air hi convection and by 
radiation Thus, per foot of pipe, 


H2r(l4 - f,) 

2 3 loguT (rj/fj) 



(U ~ t, t), 


where h t is the “combined coefficient” for convection and radia- 
tion (see Table 59) If h, is assumed equal to 0 05 Btu/ 
(sq ft)(hr)(T) [the smaller this value the more conservative 
the result] this equation reduces to 


Equation (65) is obtained bj letting Kj « (r*/ri) logio (ri/n) 
Table 61 is based on the latter equation defining Aj 
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Table I. — Thermal Conductivities op Metals* 
Linear interpolation betn ecu temperatures is permissible 


Metal 

Temperature, 

°r 

Iheimal 
conductivity k 
Btu/(ft)(hr)(°F) 

Aluminum 

0 

11G 


200 

119 


400 

124 


GOO 

134 


900 

153 

Antimony 

32 

10 G 


212 

9 7 

Bismuth 

G4 

4 7 


212 

3 9 

Brass (70 30) 

0 

55 


800 

68 

Bronze 

G8 

33 G 


210 

41 0 

Cadmium 

G4 

53 7 


212 

52 2 

Cast iron 

32 

29 


212 

28 

Constantan 

G4 

13 1 


212 

15 5 

Copper (pure) 

0 • 

225 


200 

218 


1200 

202 

Gold 

04 

109 


212 

170 

Iron (pure) 

G4 

39 0 


212 

36 G 

Lend 

0 

21 


400 

19 

Magnesium 

32 

92 


212 

92 

Mercury 

32 

3 0 


122 

4 6 

Nickel 

0 

35 


GOO 

32 

Nickel silver 

32 

16 9 


212 

21 5 

Platinum 

G4 

40 2 


212 

41 9 

Sih er 

32 

242 


212 

238 

Steel (mild) cold rolled 

200 

26 


1100 

21 

Tin 

32 

37 


392 

34 

Tungsten 

68 

92 5 

Wrought iron 

G4 

34 9 


212 

34 6 

Zinc 

0 

65 


400 

Gl 


800 

54 


* Compiled from “ International Critical Tables,” Murks ” Mechanical Engineers Hand- 
book,” and other sources 
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Table II — Thermal Conductivities of Isolating 
Materials * — ( Continued ) 


Material 

Apparent 
density p 
lb per 
cu ft 

Temper- 
ature, °F 

Thermal 
conductivity A, 
B t u /(ft ) 
(hr )(°F ) 

Sheets and blankets ( Continued) 




Wool felt 

8 5 

32 

0 022 


8 5 

200 

0 023 


20 6 

86 

0 03 

Aluminum foil ( s £-ui spacing) (Sec 55) 

0 2 

100 

0 025 


0 2 

350 

0 038 

Felted rock or glass wool (Sec 56) 

1G 

100 

0 030 


16 

600 

0 057 

Fillers* 




Diatomaceous silica, powdered (Sec 57) 

10 6 

70 

0 026 


17 2 

100 

0 032 


17 2 

1600 

0 074 


20 0 

100 

0 036 


20 0 

1600 

0 082 

Rock or glass wool loose or granular (Sec 57) 

6 

70 

0 022 


18 

70 

0 024 

■Asbestos, loo^e (Sec 57) 

29 3 

-300 

0 054 


29 3 

32 

0 089 


29 3 

210 

0 093 

Cork, ground (Sec 57) 

10 0 

32 

0 021 


10 0 

200 

0 032 

Cork, regranulated (Sec 57) 

8 1 

8G 

0 026 

Magnesia powdered 

49 7 

117 

0 35 

Gypsum, powdered 

26 

70 

0 047 


34 

70 

0 047 

"Wool (animal), loose 

6 9 

86 

0 021 

"V\ood fiber, chemically treated 

2 2 

70 

0 023 

Insulating cements 




85 Magnesia (Sec 58) 



0 6 

Asbestos (Sec 58) 



1 2 

Asbestos and rock wool (Sec 5S) 



0 9 

Insulating concrete 




Four parts diatomaceous silica and one part 

G1 8 

400 

0 16 

cement (Sec 59). 

61 8 

1600 

0 23 

Insulating brick 




Diatomaceous silica, natural perpendicular to 

27 7 

400 

0 051 

strata (Sec 60) 

27 7 

1600 

0 077 

Diatomaceous silica, natural, parallel to strata 

27 7 

400 

0 081 

(Sec 60) 

27 7 

1600 

0 106 

Diatomaceous silica, calcined (Sec GO) 

38 

400 

0 14 


38 

1600 

0 18 

Diatomaceous silica and fire clay, calcined (Sec 60) 

42 3 

400 

0 14 


42 3 

1600 

0 19 

Kaolin insulating bnck 

27 

932 

0 15 


27 

2100 

0 26 


• Compiled from " International Critical Tables " Marks " Mechanical Engineers’ Hand 


book/' and other sources 
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Table V. — Dimensions op Frequently Used Sizes op Tubing 


Outside 

tube, 

diameter, 

in 

W all thickness 

Inside 
tube 
diame- 
ter m 

Surface per ft 
of length j 

Length of 
tube per sq 
ft of surface 

Cross 'sectional 

area 

Birming- 
ham Wire 
Gauge ; 
(BWG) 

In 

Outside 
surface 
sq ft 
per ft 

of 

length 

Inside | 
surface, 
sq ft 
per ft 
of 

length 

Out- 

side, 

ft 

In- 

side 

ft 

Out- 
side, 
sq in 

In- 
side, 
sq in 

K 

20 

0 035 

0 430 

0 13090 

"i 

0 11257 

7 6394 

8 8831 

0 19635 

0 14522 


19 

0 042 

0 416 


0 10891 


9 1820 


0 13592 


18 

0 049 

0 527 

0 16362 

0 13797 

6 1116 

7 2480 

0 30G80 

0 21813 


10 

0 065 

0 495 


0 12959 


7 7166 


0.19244 


14 

0 083 

0 459 


0 12017 


8 3218 


0 16547 
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A 

Absorption of radiation, 30 
Absorptivity, of black body, 33 
definition, 32 

and emissivity, equivalence of, 33 
of gray surface, 34 
Acetic acid, film coefficients, 64 
pressure drop, 122-134 
Acetone, film coefficients, 64 
pressure drop, 122-134 
Acetylene, film coefficients, 64 
pressure drop, 128-135 
Adhesive cement, 183, 186, 19S 
Air, film coefficients, 64 
pressure drop, 128-135 
Alloys, thermal conductivity of, 209 
Aluminum foil insulation, 171, 191, 
192 

Ammonia, film coefficients, 64 
pressure drop, 122-134 
Amyl acetate, film coefficients, 64 
pressure drop, 122-134 
Amyl alcohol (iso), film coefficients, 
64 

pressure drop, 122-134 
Aniline, film coefficients, 64 
pressure drop, 122-134 
Annular spaces, equivalent inside 
diameter, 94 
film coefficients, 59-94 
pressure drop, 117, 134 
Application of insulation, method 
(see kind of insulation) 

Area, effective for radiation, 24 
of heat-transfer surface, 52 
for standard pipe (table), 216 
of tubing (table), 215 
Asbestos, 162 
blankets, quilted, 168, 195 
cement, 172-175, 196 


Asbestos, corrugated, 170, 190 
and diatomaceous silica, 165, 1S2, 
197 

felted, 166, 183, 190 
laminated, 166, 182 
and magnesium carbonate, 164 
182, 196 
millboard, 189 
paper, 189 

Average temperature, for evaluating 
film coefficient, 53 
Average temperature difference, 46- 
52 

B 

Baffles, 136, 139-141 
disk-and-ring, 140 
helical, 141 
impact, 141 
longitudinal, 139, 141 
method of support, 139, 140 
orifice-type, 140 
segmental, 140 
transverse, 136, 139-141 
vane-type, 140 

Base value, of film coefficient, defi- 
nition, 65 

of pressure drop, definition, 118 
Basic insulating materials, 162 
Basket-type evaporator, 147, 14S 
Benzene, film coefficients, 64 
pressure drop, 122-134 
Black body, definition, 23, 33 
Blankets, glass wool, 194 
insulating, 164 
quilted asbestos, 168, 195 
rock wool, 194 

Block insulation, 164, 1S2-189 
Boiler walls, method of insulating, 
185 
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Bo Ring liquids (see Evaporation) 
Boltzmann, 34 
Bowed tube*, 13S, 144 
Unci., insulating, l OS 
Urine (CaCIi), film coefficients, Cl 
pressure drop, 122-134 
Butane, film coefficients. Cl 
pressure drop, 128-133 
Butvl alcohol (n), film coefficients, 
64 

pressure drop, 122-134 
C 

Calculation of charts and table*, 
56-63, 113—1 IS 

of heal loss through insulation, 
198-202 

Carbon dioxide, film coefficients, 64 
pressure drop, 128-135 
Carlton disulfide, film coefficients, 64 
pressure drop, 122-131 
Carbon monoxide, film coefficients, 
64 

pressure drop, 12S-133 
Catbon tetrachloride, film coeffi- 
cients 64 

pressure drop 122 13 1 
Cement, adhe«i\e, 1S3, 1S6, 198 
asbestos, 172 i7i 19ft 
expanded \ emueuhte 196 
glass wool 1% 
roc 4. wool, 19ft 
weatherproof, 197 

Cliarta and tables, for calculating 
pressure drop, 122 135 
calculation of, 113-1 IS 
dlustratixe problems, 118-121 
use of, 118 

for film coefficients, 80-112 
calculation of, 56-63 
iHi&tntttte ptv&feess, 66-79 
index to, 64 
use of, 63-66 

Chlorine, film coefficients, 64 
pressure drop, 12S-135 
Chlorobenzene film coefficient*, 64 
pressure drop, 122-134 


Chloroform, film coefficients 64 
pressure drop, 122-134 
Cleaning, of tubes, 137, 160 
Cleaning fluids, 161 
Cleaning lanes, 15S 
Coefficient of heat transfer, film 
(*rt Film coefficient) 
oxer-all (net Oxer-all coefficient) 
radiation (nee Radiation, coeffi- 
cient of heat transfer) 

Coded tube evaporator, 152, 153 
Cod*, film coefficients for, CO, 61, 104 
pipe, 151 

Com lunation insulation, 12, 165 
Combined coefficient (table), 200 
Concentric tube*, 144 
Concrete, insulating, 19S 
Condensation, discussion of, 39, 40 
dropu i-e, 39 

film coefficients for, 62, 106, ICS 
outline of, 64 
filmwue, 39 
in insulation, 176, 180 
on pipe*, prexention of, 20G-20S 
Condenser, definition, 136 
Condenser*, mean temperature dif 
ferenre in 46, 47 
Conduction 3-22 
definition 1 

fundamental equation for, 5 
resistance definition, 13 
steadx calculation of, 6-22 

through bodies of anv shape, 

10 

through composite bodies. 

12 17 

through rx hndnral bodies " 
through flat bodies, 6 
in fluids, 5 

illustrate e problems, 7, 8, 10, 

15 

fiiWgiV mVtxa^Balvhni -1 J 
through spherical bodies, 9 
definition 5 

unsteidj calculation of, through 
flat bodies, 17-22 
illustratix e problem, 19 
definition, 5 
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Conductn itv, thermal (see Thermal 
conductmtx ) 

Contact, effect on conduction, 10 
Contraction, effect on pressure (see 
Entrance to tubes) 

Contraction coefficient, 115 
Conaection, 37-53 
definition, 1, 37 

and radiation, combined coeffi- 
cient for (table), 200 
Conaection coefficients, 54-112 
charts and tables, SO-112 
index to, 64 

illustrative problems, 06-79 

( see also F ilia coefficient; Cher- 
all coefficient) 

Cooler, definition, 136 
Cooling, effect of, on film coeffi- 
cient, 39 

Cork, 163, 176, 177, 187-189 
granulated, 177, 188 
Cork insulation, 176, 187-189 
Corrugated asbestos insulation, 170, 
190 

Corrugation in shell, 144 
Counterflow , definition, 47 
Crossflow heat exchanger, mean 
temperature difference in, 47, 
51 

Cutters, scale, 159 
D 

Density, of gases, equntion for, 130 
of liquids (table), 122 
Density changes, effect of, on pres- 
sure drop, 113, 117, 134 
Design of equipment, 52, 53 
illustrative problems, 66-79, 1 18— 
121 

Diameter correction factor, 65, 118 
Diameters, of tubing (table), 215 
of wrought-iron pipe (table), 216 
Diatomaceous earth (see Diatomace- 
ous silica) 

Diatomaceous silica, 163 
with asbestos fiber, 165, 182, 197 
bricks, 198 
powdered, 195 


Dimensional analvsis, 41, 54, 56 
illustration, 54-56 
Disk-nnd-rmg baffles, 140 
Double-pipe heat exchanger, 144- 
146 

lllustratn e problem, 73 
Downtake, 146, 14S-150 
Drifting, 159 

Dropw ixc condensation, 39 
Drums, method of insulating, 184, 
192, 194 
Dulong, 34 

E 

Economic thickness of insulation, 
203-205 

Eighty-fix e per cent (85 %) magnesia, 
164, 182, 196 
Emission of radiation, 30 
Emissn it\ , and absorptn it> , equn - 
alencc of, 33 
definition of, 24, 31 
effect of temperature on, 24 
of gray surface, 24, 33 
hemispherical, definition, 33 
monochromatic, definition, 31 
of surfaces (table), 213, 214 
table of, 213 
total, definition, 33 
Emissmty factor, definition, 26 
table of, 26 

Enlargement, effect on pressure 
( see Outlet from tubes) 

Entrance to tubes, pressure drop at, 
113, 115, 116, 126, 130 
Equix alent diameter, 94, 95 
Ethane, film coefficients, 64 
pressure drop, 128-135 
Ethjl acetate, film coefficients, 64 
pressure drop, 122—134 
Etlnl alcohol, film coefficients, 64 
pressure drop, 122-134 
Ethyl bromide, film coefficients, 64 
pressure drop, 122-134 
Ethyl chloride, film coefficients, 64 
pressure drop, 122-134 
Ethjl ether, film coefficients, 64 
pressure drop, 122-134 
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Ethyl iodide, film coefficients, 64 
pressure drop, 122-134 
Lthjlene, film coefficients, 61 
pressure drop, 126-135 
I thjlcno glycol, film coefficients, 61 
pressure drop, 122-131 
1 \ apo ration, of boiling liquids, dis- 
cussion of, 40, 41 
film coefficients, 63, 110 
outline of, 61 

Evnpor\tr>T, definition, 136 
illustrative problem, 76-78 
I v apontors, 146-152 
basket tj pc, 147, 148 
coded-tube, 152, 153 
forced circulation, 151, 152 
horizontal tube, 150 
inclined tulw, 140 
Robert type, 146 
standard vortical short tube, 146, 
147 

vertical long tube, 14S 
Wellner-Jehnek, 150 
Expanding tubes, 159 
Ixpansion, provision for, 137, 142- 
144 

r 

FanninR equation, 114 
rolled asbestos insulation, 166, 183, 
100 

Icrrule, 144 
lillere, insulating, 195 
Film cocfTincnt, definition, 3S 
factors affecting, 38-41 
and overall coefficient rclition 
between, 42-13 

film coefficients bases tor cl arts 
and tables 56-03 
charts and tables of, SO- 1 12 
fluid temperature used in evaluat- 
ing, 53 

illustrative problems, 66-79 
index to charts nnd tables 64 
use of charts and tables, 63-66 
Film temperature, definition, Go, 118 
Filmnise condensation 30 


Finishing of inaulation (see kind of 
insulation) 

Finned tubes, 13S, 145 
riangcs, insulation on, 173-176 
riared tubes, 159 

Tlat surfaces, beat loss through 
insulation on, 198 
method of insulating, 1S3 187, 
192, 19t 

Flexible flanges m shell, 144 
Float mg-head, 342, 143 
Forced circulation evaporator, 151, 
152 

Forced convection, definition, 1, 37 
Fourier's law, 5 
Freezing, prevention of, 205 
Friction (ire Pressure drop) 

Friction factor, 114 
Full floating head, 142 

G 

Gas densities, equation for, 130 
Gases, film coefficients for, 57-61, 
84-101 

annular spaces, turbulent flow, 
59, 91 

flat plate®, natural convection, 
CO, 61, 102 104 
inside cods, turbulent flow, 61, 
104 

inside tubes natural convection, 

00 , 102 

turbulent flow, 57, 84, 86 
outline of, 61 

outside cods, forced convection, 
61 101 

natural eonveetion, 61, 104 
outside -ingle tubes, natural 
eonveetion, 00, 98, 102 
normal flow , 58, 90, 92 
outside tube bundles, natural 
convection, 60, 102 
normal flow , 58, 94 
parallel (low , 59, 94 
pressure drop, 116-118, 128-135 
in annular spaces, 117, 134 
caused bv changes in densitv, 
117, 134 
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Gases, pressure drop, at entrance to 
tubes, 116, 130 
at outlet from tubes, 117, 132 
inside smooth tubes, 116, 12S 
outside tube bundles, 1 17, 134 
Generator air cooler, 153 
Glass wool, granulated, 195 
loose, 195 

manufacture of, 163 
Glass wool blankets, 194 
Glass wool cement, 196 
Glass wool insulation, 16S 
Glycerol, film coefficients, 64 
pressure drop, 122-134 
Granulated cork, 177, 1SS 
Granulated glass wool, 195 
Granulated rock wool, 1SS, 195 
Gray surface, absorptivity of, 34 
definition, 33 
emissivity of, 24, 33 
Grooves, in tube-sheet holes, 159 

H 

ft, film coefficient of heat transfer, 
definition, 3S 
Hair felt, 179-1S1, 191 
Hairpin tubes, 13S 
Half sections, insulation, 163 
Heat exchanger, definition, 136 
double-pipe, 144-146 
Heat exchangers, mean temperature 
difference in, 46-52 
Heat loss, through insulation, 19S- 
202 

Heat regenerators, 15S 
Heat transfer, coefficient of (see 
Film coefficients; Over-all co- 
efficients) 

Heat transfer equipment, design of, 
52, 53 

types of, 136-161 
Heater, definition, 136 
hot-water, 155—157 
tank suction, 146, 147 
Heating, effect of, on film cofficient. 
39 ' 

Helical baffles. 141 


Helical coils (photograph), 155 
HeLum, film coefficients, 64 
pressure drop, 12S-135 
Heptane, film coefficients, 64 
pressure drop, 122-134 
Hexane, film coefficients, 64 
pressure drop, 122-134 
Horizontal-tube evaporator, 150 
Hot-water heaters, 155-157 
Hydrogen, film coefficients, 64 
pressure drop, 12S-135 
Hydrogen sulfide, film coefficients, 64 
pressure drop, 12S-135 

I 

Impact baffles, 141 
Inclined-tube evaporator, 149 
Index to charts and tables, film 
coefficients, 64 

Individual coefficient (see Film co- 
efficient) 

Industrial heat-transfer equipment, 
136-161 

Infusorial earth (see Diatomaeeous 
silica) 

Installation of tubes, 159 
Instantaneous heaters, hot-water, 
155, 157 

Insulating brick, 19S 
Insulating concrete, 19S 
Insulation, 162-20S 
aluminum foil, 171, 191, 192 
asbestos cement, 172-175, 196 
basic materials, 162 
blankets, 164 
blocks, 164, 1S2-1S9 
brick, 19S 

calculation of heat loss, 19S-202 
cements, 196 
for cold pipes, 176—182 
combination, 12, 165 
corcrete, 19S 
condensation in, 176, ISO 
cork, 176, 1S7-1S9 
corrugated asbestos, 170. 190 
diatomaeeous silica and asbestos 
fiber, 165, 1S2, 197 
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Insulation, most economical thick 
ness, 202-203 

felted asbestos, 166, 183, 190 
fillers, 105 

finishing of («cc kind of insulation) 
pliss wool, 168 
glass wool blankets, 101 
granulated, 193 
hair felt, 179-181, 191 
half sections, 163 
for hot pipes, 163-172 
laminated asbestos-felt, 166, 1S2 
method of apply ing (tee kind of 
insulation) 

molded, 161, ICG, I7C, 177, 182 
powdered diatomaeeous silica, 195 
properties required, 162 
quilted asliestog blankets, 168, 193 
rock wool, 167, 177 179 
rock wool blankets, 191 
sheefs, 189-192 
tape, 161, 170 

thirmal conductivity of (table), 

210, 211 

thickness of to prevent freezing, 
205 

to prtvent sweating 206-20S 
valves and fittings, 172 179 181 
Whole mcI ions 163 
wool felt 171 181 
Intcnsita of ndiation (#cc Radiation, 
into/iMtv of) 

Iron pipe, dimensions of (tabic), 216 

J 

Jacketed a cssels, 157 
K 

Kirehhnft’s law , 32 
Knockers, 161 

L 

I Jigs, definition, 186 

(See all) Block insulation) 
Kambert‘s cosine principle, 32 


Laminar flow (see Streamline flow) 
Laminated asbestos-felt insulation, 
1GG, 182 

Liquids, boiling (see Pvsporation) 
film coeFicieMa for, 57-63, 80-111 
annular s,<accs, turbulent flow, 
59, OJ 

flat plates, natural convection, 
CO, 100 

inside cods, turbulent flow, 60, 
101 

inside tubes, natural convection, 
CO, 100 

streamline flow, Cl, 62, 105 
turbulent flow, 57, 80, 82 
outline of, 01 

outside coils, forced convection 
61, 101 

natural convection, 61, 101 
outside single tubes, natural 
convection, 59, 60, 90, 100 
normal flow , 58, 8S 
outside tube bundles, natural 
convection, 60, ICO 
normal flow , 58, 91 
parallel flow, 59, 91 
pressure drop, 114-118, 122-131 
in annular spaces, 117, 131 
cau-cd bv reversal in flow, 117, 
131 

at entrance to tubes, 115, 126 
at outlet from tubes, 116, 127 
inside smioth tubes, 114, 122 
out*idc tube bundles, 117, 134 
Logarithmic mean temperature dif 
fcrencc, chart for determining, 
48 

definition, 1” 
equation for, 47 
Long tube evaporator, 14S 
Longitudinal baffles, 139, 141 

M 

Magne«ia (Sa^o), 

Magnesium carbonate, 162 
with asbestos fiber, 164, 182, 196 
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Mean temperature difference ( see 
Temperature difference) 

Metals, thermal conductivity of 
(table), 209 

Methane, film coefficients, 64 
pressure drop, 12S-135 
Methvl alcohol, film coefficients, 64 
pressure drop, 122-13-1 
Metlnl chloride, film coefficients, 64 
pressure drop, 12S-135 
Millboard, asbestos, 1S9 
Molded insulation, 164, 166, 176, 
177, 182 

Multipass, definition, 141 
Multipass heat exchanger, mean 
temperature difference in, 47, 
49, 50 

X 

Xatural convection, definition, 1, 37 
Nitne ovide, film coefficients, 64 
pressure drop, 12S-135 
Xitrogen, film coefficients, 64 
pressure drop, 128-135 
Xitrous ovide, film coefficients, 64 
pressure drop, 128-135 
Xomenclature, for film coefficient 
equations, 56 

for pressure drop equations, 113 
Xozzles, 136, 137 

O 

Oblong coil (photograph), 155 
Octane (n), film coefficients, 64 
pressure drop, 122-134 
Od heater, illustrate! e problems, 71, 
121 

Open-tv pe sections, 152 
Optimum thickness of insulation, 
202-205 

Orifice-type baffles, 140 
Outlet from tube, pressure rise at, 
113, 116, 117, 127, 132 
Cher-all coefficient, chart for cal- 
culating, 44 
definition, 41 


Oi er-all coefficient, effect of scale on, 
45 

relation betueen film coefficients 
and, 42-45 

Ovjgen, film coefficients, 64 
pressure drop, 128-135 

P 

Packed floating-head, 142 
Parallel flow , definition, 47 
Passes, 13S, 141 
Pentane, film coefficients, 64 
pressure drop, 122-134 
Perfect gas lam, 58, 60, 116 

Petit, 34 

7 « 

Petroleum oils, film coefficients, 61, 
62, 105 

pressure drop, 114, 124 
Pipe, dimensions of (table), 216 
weight of wrought-iron, 216 
(See also Tubes) 

Pipe coils, 154, 155 
lllustratn e problem, 74-76 
Pipe cox enng, for cold lines, 176-1S2 
heat loss through, 200 
for hot lines, 163-172 
most economical thickness of, 
203-205 

to prevent freezing, 205 
to prev ent su eating, 206-20S 
Plates, film coefficients for (outline), 
64 

Powdered insulation, 195 
Pressure drop, calculation of, 113- 
135 

charts and tables, 122-135 
lllustratn e problems, 118-121 
Prop! 1 alcohol (iso), film coefficients. 
64 

pressure drop, 122-134 

Q 

Quilted asbestos blankets, 168, 195 
R 

Badiant energt, 1, 23, 30 
Radiation, 1, 23-36 
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Radiation, absorption of, 30 
by gases, 21 

from black bod> , equation for, 34 
calculation of heat transfer b>, 
21-27 

between adjacent rectangles, 28 
betw een concentric ej linders, 2G 
between concentric spheres, 26 
derivation of equations, 34-36 
illustrative problems, 27-30 
bet iv een parallel disks (chart), 
27 

between parallel planes, 26 
between paraltcl rectangles 

(chart), 27 

between parallel squares 
(chart), 27 

between various shapes, 26 
coelllcient of heat transfer (chart), 
23 

definition, 36 
equation far, 36 

and convection, combined co- 
efficient for, 200 
effective area for 21 
emission of 30 

emissiv itv factor, definition 26 
from grav surtax iquation for, 
31 

inUnsitj of difimtion 30 
maximum, 30 
effi 1 1 of surface on 31 
effect of It mp< rattm on 30 
effut of wavi length on, 30 
reflection of, 31 

Stefan Boltzmann equation for, 
31 

trnn« mission of 31 
between two surfaces, derivation 
of equations for, 34-30 
Rccovcn of waste heat, 152 
Regenerative equipment, l r >S 
li< distance thermal, definition, 13 
Retaining wall temperature, calcula- 
tion of, 6 > 

Retarder strips, 139 
Reversal of flow, pressure drop due 
to, 113, 117, 131 


Rock wool, granulated, 188, 195 
loose, 183, 195 
manufacture of, 163 
Rock wool blankets, 194 
Rock wool cement, 196 
Rock wool insulation, 167, 177-179 
Rolling, of tubes, 159 

8 

Scale, effect of, on overall cocffi 
cient, 41, 45 
removal of, 160 
Scale coefficient, definition, 46 
determination of, 46 
Scale coefficients, 63, 112 
Scale cutters, 160 
Segmental baffles, 140 
Sheet insulation, 189-192 
Shell, definition, 136 
Shell-anil tube heat exchanger, illus 
tritive problem, 60-69 
Shell and tube-tv peequipment, 136- 
114 

Short tube evaporator, 146-14S 
Single-pass, definition, 141 
Single-pass he it exchangers, mean 
temjK-ratnrc difference in, 47 
Split floating head, 142 
bpravs 157 

Stand ird vertical short-tube evapo- 
rator, 146 147 

Steadv conduction, calculation of, 
6-22 

definition, 5 

(Sft alio Conduction, steadv) 
Steam, film coefficients, 61 
Steam jets, submerges!, 157 
Stefan Boltzmann equation, 34 
Storage heaters, hot water, 155-157 
Streimline flow, 39 
Submerged steam jets 157 
Suction heater, tank, 146, 147 
Sulfur dioxide, film coefficients, 64 
pressure drop 122-134 
Sulfuric acid, film coefficients, 64 
pressure drop, 122-134 
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Surface coefficient (see Film coeffi- 
cient) 

Sweating, prevention of, 206-208 
Swirling strips, 139 

T 

Tables, of combined coefficients, 200 
of emissivities, 213, 214 
of emissivity factors, 26 
of film coefficients, 64 
of gas densities, 130 
of liquid densities, 122 
of nomenclature, 51, 56, 113 
of pipe dimensions, 216 
of thermal conductivities, 209-212 
of tube dimensions, 215 
Tank suction heater, 146, 147 
Tanks, method of insulating, 184, 
188, 192, 194 
Tape, insulating, 164, 170 
Temperature, film, definition, 65, 
118 

at interface, calculation of, 14 
of retaining wall, calculation of, 65 
Temperature correction factor, 65, 
118 

Temperature difference, effect of, on 
film coefficient, 39, 41 
mean, 46-52 
in condensers, 46, 47 
in crossflow heat exchangers, 47 
chart for calculating, 51 
logarithmic mean (chart), 48 
in multipass heat exchangers, 47 
charts for calculating, 49, 50 
in single-pass heat exchangers, 
47 

Temperature gradient, in composite 
bodies, steady conduction, 14 
for convection, 37, 66 
in flat bodies, unsteady conduc- 
tion, 17—19 

Thermal conductivity, average tem- 
perature for, 7 
definition, 3 
effect of pressure on, 4 
effect of temperature on, 4 


Thermal conductivity, of insulating 
materials (table), 210, 211 
of miscellaneous materials (table), 
212 

of metals (table), 209 
units, 4 

Thickness of insulation, most eco- 
nomical, 202-205 
to prevent freezing, 205 
to prevent sweating, 206-208 
Toluene, film coefficients, 64 
pressure drop, 122-134 
Towers, method of insulating, 184 
192, 194 

Tube bundle, partially assembled 
(photograph), 139 

Tube bundles, equivalent inside 
diameter (chart), 95 
film coefficients for (outline), 64 
pressure drop, 117, 134 
Tube-installation methods, 159 
Tube lengths, 158 
Tube materials, 158 
Tubes, bowed, 138, 144 
cleaning of, 137, 160 
film coefficients for (outline), 64 
finned, 138, 145 
geometric data (table), 215 
hairpin, 138 
kinds of, 138 

pressure drop in, 114-116, 122-133 
replacement of, 138 
U, 138, 143 

Tube sheet, definition, 136 
Tube-side fluid, definition, 136 
Tube sizes, 158, 215 
Tube wall, temperature of, calcula- 
tion of, 65 
thickness of, 158 

Tubing, dimensions of (table), 215 
Turbulence, effect on film coefficient, 
39 

Turbulent flow, 39 
U 

U, over-all coefficient of heat trans- 
fer, definition, 41 
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U tube*, 138, 143 

Un«tead\ conduction, calculation 
of, through flat bodies, 17-22 
definition, 5 

U«e of charts and table*, 63*06, 118 


lalvcs and fittings, insulation of, 
172-170 1S1 
\ a no- type baffles, 140 
\apors, condensation of (trr Con- 
densation) 

\ elocitv , effect of, on film cocfTcient, 
39.40 

on heat transfer, 113 
on pressure drop, 113 
Vermicuhte, 163 196 
\ertical long tube e\aporator, 14S 


\ ertical short tube evaporators, 14&- 
148 

\ibrators, 161 

ltscous flow ($te Streamline flow) 

W 

W all temperature, calculation of 63 
Haste-heat recovery , 152 
Hater, film coefficients, 61 
pressure drop, 122 134 
W ater he iter*, 155-157 
illustrative problem, C9-71 
Weatherproof cement, 197 
Wellner-JelineV evaporator, 150 
Whole sections, insulation, 163 
Wool felt insulation, 171, 1S1 
Wrought iron pipe, dimensions of 
(table), 216 



